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AN INVESTIGATION OF CREEP AND FRACTURE OF
LEAD AND LEAD ALLOYS FOR CABLE SHEATHING
I. INTRODUCTION
1. Previous Work on Creep of Lead.-Bulletins 243 and 272 of the
Engineering Experiment Station, University of Illinois, give some of
the previous results of the study of the creep of lead and lead alloys.
Studies of pressures set up in lead cable sheathing in service, mainly in
the cables of the Commonwealth Edison Company, Chicago, have
shown that tensile bursting stresses in the vicinity of 200 lb. per sq. in.
for short periods of time are quite frequent and that higher stresses,
though rare, sometimes occur. Most of the investigators of the creep
of lead have studied its behavior under tensile stresses ranging up
over 1000 lb. per sq. in. However, Dr. A. J. Phillips2 1* has made a
number of tests ranging from 200 to 800 lb. per sq. in. Some very in-
teresting work has been reported by McKeown"1 of the British Non-
ferrous Metals Research Association. Valuable research results have
been reported in the Proceedings of the Australasian Institute of
Mining and Metallurgy by Greenwood,10 Greenwood and Worner"
and Russell. 22 Von Goeler,' Hanemann, Hanffstengel and Hofman 4, ' 1
have reported results from the laboratories of the Metallgesellshaft
at Frankfurt and the Institut ffr Metallkunde at the Technical High
School in Berlin. This list is probably far from complete. Several of
the lead manufacturers have put in apparatus for the study of the
creep of lead and lead alloys.
2. Scope of This Bulletin.-After the publication of Bulletin 272
it was evident that one of the principal needs of the investigation of
lead sheathing was for test data on the creep of lead and lead alloys
at stresses of 200 lb. per sq. in. and below. It was evident that in
getting such data greater sensitivity of measurement of creep was
necessary and closer temperature control of specimens. Such test data
have been secured and are reported in this bulletin. Further tests on
the fracture of lead under long-continued load have been made and
some data on the effect of small rapid fluctuations of stress (vibra-
tions) on the time for fracture are reported. Test data comparing the
creep of tensile specimens of lead alloys with the creep of oil-filled
sheathing under internal pressure have been secured, and the test re-
sults are discussed.
*Numbers refer to list of references at end of bulletin.
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Mr. Herman Halperin of the Commonwealth Edison Company
of Chicago has contributed a chapter on service records and failures
of cable sheathing.
A study of various proposed tests of ductility of lead has been
made and the significance of test results discussed. A chapter has
been written in which the writers have put forward a tentative theory
of creep. Test data on the effect of ranges of stress and temperature
commonly found in cable sheathing on the creep properties of tensile
specimens from a number of different types of cable sheathing are
reported and the results discussed.
This investigation has been carried on from the viewpoint of the
user of lead sheathing, especially sheathing for power cables. The
alloys studied were those in use by cable manufacturers, and the
specimens were cut from pieces of sheathing as received from the
manufacturer, or from service. It is hoped that the test methods and
criteria described in this bulletin may be useful to manufacturers of
cable sheathing and alloys for sheathing, as well as to users of
sheathing. Already several manufacturers have set up equipment for
determining the resistance to creep of the metals they manufacture,
or which they are developing.
3. Comparison of Creep Phenomena of Lead with Those of Steel.-
At ordinary temperatures when steel is stretched beyond its yield
strength an appreciable deformation occurs and most of this remains
after load is released. However, after a few moments the elongation
of the steel under a given load ceases and at room temperatures it
does not increase appreciably over long periods of time. However, at
high temperatures, say at 1000 deg. F., the behavior of steel under
steady load is quite different. A continuing deformation begins to be
appreciable and the increase of deformation continues indefinitely.
This continuing deformation is known as "creep." As will be discussed
later it seems possible that the yielding of steel at atmospheric temper-
ature may be considered as corresponding to the first stage of its creep
at higher temperatures. Then, at atmospheric temperatures, its creep
after this first stage is inappreciable, but it becomes appreciable at
higher temperatures. Lead at temperatures as low as 32 deg. F. be-
haves in the same general way as steel does at high temperatures,
with the added complication that at room temperatures lead shows
some tendency to recrystallize, whereas steel does not do so until a
temperature of 1300 deg. F. or higher is reached. It is hoped that this
study of the creep of lead and lead alloys will be of value in throwing
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some light on the phenomena of the creep not only of lead but also
of other metals.
4. Variable Factors in Creep Tests of Lead and Lead Alloys.-As
the test data show there is a very wide variation in creep rate at low
stresses not only for alloys of different chemical composition, but also
for alloys of the same chemical composition. There is even an appre-
ciable difference between companion samples cut from the same
sheath. In this connection it may be noted that wide variations in
rate of creep seem to be as characteristic of steels, which are viscous
at high temperatures, as of lead and lead alloys at relatively low
temperatures. At the July 1937 Conference on Creep and Fatigue,
held at the Massachusetts Institute of Technology, this fact was very
clearly brought out by several experimenters who had been studying
the creep of steel at high temperatures. This variability of results
indicates that, at present at least, the designer in considering re-
sistance to creep, either of lead sheathing or of steel for high-tempera-
ture service, is faced with the necessity of using a large factor of un-
certainty,-or factor of safety as it is commonly called. It is obvious
that conditions of manufacture of cable sheathing-temperatures, ex-
trusion conditions, quenching conditions-would vary widely for dif-
ferent samples, that in some cases localized impurities might occur
at critical sections of the specimens, while in other cases they would
not. The chemical compositions vary widely, but these, in general,
are known with a good degree of accuracy.
In comparing our test results with those from other laboratories
some variation may be caused by different size and shape of specimens,
and some variations probably have been caused by the flattening out
of the sheath before specimens were cut from it. The detail of prepar-
ing specimens from lead sheathing is taken up in a subsequent section.
It has been found very difficult to correlate test results from speci-
mens cut from extruded sheathing with results of tests of full-size
sheathing under internal pressure. This is partly due to the difficulty
of avoiding mechanical injury to sheathing and to specimens when
handling. It is very difficult to avoid dents and small bends in sheath-
ing, especially when it is remembered that sheathing comes coiled on
a large "spool," and that to get specimens from the coil, or to put the
sheathing in service, the coil must be straightened, thus doing cold
work on the metal and, almost always, putting in dents, bends, and
other slight distortions which affect the stress distribution in service
or under test, and may affect the creep to a marked extent.
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TABLE 1
DATA OF SHEATHING TESTED
Nominal Dimensions
Lab.
Mark
5. Acknowledgments.-This study has been supported by funds
contributed by the Utilities Research Commission, Chicago, Illinois,
H. B. GEAR, Chairman, and K. W. MILLER, Director of Research. The
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HERMAN HALPERIN (Chairman), Assistant Equipment and Re-
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C. E. BETZER, Engineer, Engineering Department, Commonwealth
Edison Company.
C. A. CRAWFORD, Testing Engineer, Testing Department, Common-
wealth Edison Company.
Manu-
fac-
turer
Sheath
Empty (E)
or with
Cable (C)
T e of
floy
Calcium-lead
Calcium-lead
Calcium-lead
Calcium-lead
Calcium-lead
Antimony-lead
Antimony-lead
Antimony-lead
Antimony-lead
Tin-lead
Tin-lead
Tin-lead
Grade I Lead
Grade II Lead
Grade II Lead
Grade II Lead
Grade II Lead
Grade III Lead
Grade III Lead
Grade III Lead
Grade III Lead
Grade III Lead
and Copper
Grade III Lead
and CopperGrade III Lead
and Copper
Grade III Lead
and Copper
Grade III Lead
and Copper
Special alloy
Wall
Thickness
in.
%4
314
T64
%2
364
32
%4964
%2264
3%2
%2
%4
3%2
%12
Outside
diam.
in.
2711
2%M
21%96
2%
2%
234
2%
2%
3%
2%
21%2
3%
2%3
2%
3%2
2%
2%
3%
2%
3%2
3
2%
2%
2%
3
2%
21%2
22%2
24f64
Remarks
Received Nov., 1936
Received Oct., 1935; stored
to promote age hardening
Received Aug., 1936
Received Feb. 1935
Received April, 1937
Received Nov., 1928
Received Nov., 1928
Received Nov., 1928
Received Aug., 1936
Received 1930 from service
Received Jan., 1931
Received Oct., 1936
Received Aug., 1931
Received Nov., 1928
Received April, 1936
Received Oct., 1933; had
oxide inclusions
Received Nov., 1936
Received Sept., 1935
Received May, 1935
Received Oct., 1936
Received Sept., 1936
Received Nov., 1935
Received Dec., 1935
Received Dec., 1935
Received Sept., 1936
Received Dec., 1934
Received Feb., 1937
Some of the chemical analyses in Table 2 do not quite conform to
A.S.T.M. standards for pig lead of the grade indicated. In most cases
the analyses reported were of metal from finished sheathing. The
acceptance test results for the pig lead were not available, but, pre-
sumably, were satisfactory.
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II. CREEP TESTS OF TENSILE SPECIMENS OF LEAD AND LEAD ALLOYS
6. Materials Tested.-The specimens tested were taken from pieces
of sheathing made by various manufacturers. Some of these were
furnished by the manufacturer direct, and others came from users.
Table 1 is a general statement of the dimensions, the nominal compo-
sition, and the code letter for the manufacturer together with the date
furnished. Table 2 gives chemical analyses for the metal in the various
sheaths together with the nominal composition assigned by the person
who made the analyses.
7. Racks for Creep Tests of Tensile Specimens.-As noted in a
previous paragraph it was desired to increase the sensitivity of meas-
urement of creep above that of the tests reported in Bulletins 243
and 272. This was done by using a specimen with a 10-in. gage
length in place of one with a 1-in. gage length. This specimen is
described in detail in Section 9. It was also deemed necessary to have
a closer control of the temperature of specimens than is found in the
CREEP AND FRACTURE OF LEAD AND LEAD ALLOYS
usual "test at room temperatures." In the Arthur Newell Talbot
Laboratory the range of temperature may be from 60 to 100 deg. F.
during the course of a year. Most of the tests, therefore, have been
made in racks at a control temperature of 110 deg. F. This tempera-
ture was selected because it was slightly higher than any room tem-
perature which is likely to occur in the laboratory, and because it is a
temperature which may be quite easily reached in cable sheathing
whose conductors carry a heavy current. The temperature control was
by means of a bimetallic thermo-regulator which electrically con-
trolled heating coils. The specimens were surrounded by an insulated
box provided with a double window front and rear. Figure 1 shows a
test rack for tests of 10-in. specimens at 110 deg. F. (or at 150 deg. F.)
The load is applied by dead weights.
Some tests were made at room temperature, and the temperature
was noted when each reading was taken. Some tests were also made
at 150 deg. F.
8. Creep-Measuring Apparatus.-The creep-measuring apparatus
was similar to that used for the 1-in. specimens. However, in the
present series creep measurements were taken on both sides of the
specimen. In tensile tests of metals it has been found that, even with
spherical-seated bearing blocks and careful centering of specimen, it
is extremely difficult to be sure of even approximately uniform strain
distribution over the cross section of a tensile specimen. Where yield
strength of a metal is being determined this lack of uniformity of
strain distribution is not usually very serious, because it is change of
strain rather than amount of strain which is to be determined, and
because at the yield strength there has already occurred considerable
"evening up" of strain distribution due to localized plastic action. In
a tensile test for determining modulus of elasticity or the amount of
creep at low stress it has been found important to determine average
elongation. This may be done by measuring the elongation on opposite
faces of the specimen or by using an averaging extensometer. The
first-named plan was used in the tests described in this bulletin.
Figure 2 shows in diagram the arrangement for measuring creep.
The specimen S is held in clamps and loaded with dead weights (as
shown in Fig. 1). On each side of the specimen is placed a single
lever L which multiplies the stretch approximately ten times at its
outer end b. A microscope M is mounted on a base which can be slid
along the shelf in front of the specimens (see Fig. 1) so that each
extensometer may in turn be observed. When the microscope is
ILLINOIS ENGINEERING EXPERIMENT STATION
FIG. 1. CREEP TEST RACK FOR TENSILE TESTS AT 110 DEC. F. AND 150 DEG. F.
focused on a given extensometer, it may be moved vertically by means
of the screw Q until the horizontal cross-hair lies along the witness
mark b. The reading of the dial micrometer is then noted, and the
microscope again moved vertically until the horizontal cross-hair lies
along the witness mark a. The difference in the micrometer readings
is equal to the distance ba, and the variation in this distance from
time to time is a measure of the stretch of the specimen on one side.
After taking readings of the extensometer on one side of the speci-
men, the microscope is moved to the other side, as shown by the
broken line diagram, and readings are taken there also. Each lever
CREEP AND FRACTURE OF LEAD AND LEAD ALLOYS
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FIG. 2. EXTENSOMETER FOR MEASURING CREEP OF LEAD AND LEAD ALLOYS
L is calibrated for multiplication by means of a Brown & Sharpe
micrometer.
9. Specimens for Creep Tests.-In the earlier tests of creep re-
ported in Bulletins 243 and 272, tests were made on specimens cut
from lead sheathing and both transverse and longitudinal specimens
were tested. To get these specimens, especially the transverse speci-
mens, it was necessary to flatten out the sheath. The effect of this
treatment is discussed in Appendix A. When it was desired to use a
specimen with a 10-in. gage length it became impossible to use trans-
verse specimens, and longitudinal specimens were used. In the earlier
tests no outstanding systematic difference could be found between
the creep of transverse specimens and the creep of longitudinal speci-
mens. Figure 3 shows the specimen used. A narrow specimen was
chosen because in such a specimen the distribution of stress will be
more nearly uniform than in a broad specimen. It has been argued
by some experimenters that a broad specimen should be used to
simulate conditions of circumferential stress such as are found in a
lead sheath. If the broad tension specimen were used there would be
a less uniform stress distribution than would be the case with the
narrow specimen, and the degree of irregularity of stress distribution
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TABLE 3
TYPICAL DATA OF CREEP TEST OF TENSILE SPECIMEN
Material, 0.03 per cent calcium-lead. Sheath, 2J. Specimen, 5.
Cross section of specimen, 0.2512 in. X 0.1064 in.; area, 0.02685 sq. in.
Load on specimen, tare, 1.353 lb.; net, 4.017 lb.; total, 5.370 lb.
Tensile stress in specimen, 200 lb. per sq. in.
Gage length of extensometer, 10 inches.
Multiplication of extensometer levers, north side 10.1, south side 9.73.
Elongation after fracture-did not fracture.
Specimen held in grip No. 123.
Tempera- Time from Extensometer Reading
Date Time ture Start of
S hr. South Side North Side
Reading under Tare Load ...... .......... 110 0 113 297
Reading under 5.370 lb. Load ............. 110 0 104 295
Nov. 11, 1936................. 10:00 a.m
Nov. 14, 1936................. 10:00 a.m. 110 72 99 290
Nov. 17, 1936.................. 10:00 a.m. 110 144 94 288
Nov. 20, 1936................. 10:00a.m. 110 216 92 285
Nov. 24, 1936................. 10:00a.m. 110 312 90 284
Nov. 27, 1936................. 10:00a.m. 110 384 86 283
Dec. 1, 1936.................. 10:00 a.m. 110 480 85 280
Dec. 5, 1936................. 10:00a.m. 110 576 84 278
Dec. 9, 1936................. 10:00a.m. 110 672 82 278
Dec. 12, 1936................. 10:00a.m. 110 744 82 275
Dec. 17, 1936................. 10:00a.m. 110 864 81 275
Dec. 21, 1936................. 10:00a.m. 110 960 78 274
Dec. 24, 1936................. 10:00 a.m. 110 1032 75 272
Dec. 29, 1936................. 10:00 a.m. 110 1152 74 272
Jan. 2, 1937................. 10:00a.m. 110 1248 71 271
Jan. 7, 1937................. 10:00 a.m. 110 1368 70 270
Jan. 12, 1937................. 10:00 a.m. 110 1488 71 268
Jan. 16, 1937................. 10:00 a.m. 110 1584 70 268
Jan. 21, 1937.................. 10:00 a.m. 110 1704 68 268
Jan. 26, 1937................. 10:00 a.m. 110 1824 68 264
Jan 30, 1937 .................. 10:00 a.m. 110 1920 66 265
Feb. 4, 1937................. 10:00a.m. 110 2040 66 263
Specimen removed from rack
would be very difficult to determine. As will be shown later, the stress
distribution is apparently quite uneven in different parts of the length
of lead sheathing subjected to internal pressure. It hardly seemed
desirable to use a specimen with an uncertain amount of irregularity
in stress distribution on the assumption that it would simulate the con-
I
•Jfl
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ditions found in lead sheathing under pressure in which there is a
different stress distribution, probably with greater irregularity than
in a very wide tension specimen. The selection of a long, narrow
specimen means that the results of a creep test should be regarded
as an index of the creep-resisting qualities of the metal in a sheath
rather than as indicating completely the creep-resisting qualities of
sheathing in service. The problem of the expansion of lead sheathing
in service, like a great many other problems in materials, is a dual
problem involving (1) the problem of the amount of stress and its
distribution as developed in service; this would require extensive
field tests for experimental study, including a study of dents and
bends found in service; and (2) the problem of the resistance to creep
of the metal in the sheath. It is the solution of this second problem
which is attempted in the laboratory tests described in this bulletin.
10. Test Data for Creep Tests of Tensile Specimens.-The data of
creep tests consist of recorded observations of elapsed time and creep.
In the original data the creep is recorded as variation of readings of
extensometers, as described in Section 8. Table 3 gives typical data
of a creep test. The graphical reduced data show elapsed time plotted
as abscissas with creep (expressed in per cent) plotted as ordinates.
Figures 4, 5, 6, and 7 show graphically the reduced data of 2000-hour
creep tests of 10-in. specimens. When tests of a metal had been made
at different temperatures a separate set of diagrams was drawn for
each temperature. The figures on the creep-time curves indicate the
tensile stress in lb. per sq. in.
Most of the creep tests were carried to 2000 hours, but tests of
seven metals were carried to longer periods varying from 7200 hours
to 10 000 hours. These long-time creep-time data are shown in Fig. 8.
These graphical data are necessarily shown to a rather small scale
and copies of creep-time curves to a much larger scale, and also the
original records of extensometer readings, are all to be found in the
files in the Arthur Newell Talbot Laboratory, University of Illinois.
11. Results of Creep Tests of Tensile Specimens.-The creep-time
diagrams of a typical creep test carried to fracture are shown in
Fig. 9. The abscissas measure total creep and the slope of the curve
measures creep rate. A creep test of a lead, or of a lead alloy, may be
divided, rather empirically, into three stages: (1) a preliminary
stage, during which creep starts out rapidly and its rate diminishes;
(2) a second stage in which the creep rate stays constant, or quite
nearly so, for the greater part of the life of the specimen; and (3) a
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FiG. 9. TYPICAL CREEP-TIME DIAGRAM FOR LEAD, SHOWING
THE THREE STAGES OF CREEP
stage in which the creep rate again begins to increase, and "necking
down" of the specimen and final fracture occurs. Most of the creep
tests whose test data are shown in Figs. 4-8 were not carried beyond
the second stage. It will be noted in Fig. 9 that most of the total
extension takes place during the third stage, and that the increase
of creep rate is very rapid as the specimen approaches fracture.
It is probable that in the second period creep is not precisely pro-
portional to time-the creep rate is not quite constant. There seems
to be a very gradual diminution of creep rate up to a point where
the creep-time curve shows a point of inflection, and then a gradual
increase of creep rate, followed by a final rapid increase. However,
for predicting creep, the division into three stages, and the assump-
tion of constant creep rate in the second stage, seems very useful, and
sufficiently accurate for reliable results. Probably some of the varia-
tions in interpretation of creep data by various experimenters have
come about because of the recognition or non-recognition of the third
stage of creep. ,0 ' "11 In this bulletin the beginning of the third stage
of creep is regarded as the effective ultimate strength of lead and
lead alloys. This is discussed more fully in Chapter III, "Fracture
Tests of Specimens of Lead and Lead Alloys."
The slope of the creep-time diagram (Ay/At in Fig. 9) gives the
rate of creep during the second stage, and this rate of creep during
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the second stage is sometimes spoken of as the "minimum" rate of
creep. This creep rate has been frequently taken as a measure of the
creep resistance of a metal.
From some testing laboratories connected with the works of pro-
ducers of cable sheathing have come reports of creep tests in which
the creep-time curve is not a smooth curve. No creep at all can be
measured at a given low stress for hundreds of hours, and then creep
starts out at a normal rate for the stress imposed. Conditions of
cold work and heat treatment seem to be a factor in this curious
behavior. As is discussed in the chapter on Theory of Creep this
sort of action seems to emphasize the probability that creep does not
take place uniformly throughout the metal, but takes place at a
series of localized "spots" in the metal. This localized behavior of
creep presumably, at regions of low resistance, goes far to explain the
erratic creep results frequently obtained.
Another measure proposed is the total creep up to any given time.
P. G. McVetty of the Westinghouse Laboratories has devised a
method for estimating this total creep. 19 In the second stage the creep
rate is regarded as constant and, in the creep-time diagram, the
straight line representing this constant rate is projected backwards
until it intersects the zero axis for time. The intercept on this zero
axis is given by eo (see Fig. 9). Then if v be the creep rate during the
second stage, the total creep for any time t up to the beginning of the
third stage is given by vt + eo.
Various other methods of interpreting creep data have been pro-
posed," but these two (creep rate and McVetty total creep) seem to
the writers the most suitable for lead.
Both creep rates for the second stage and total creep by the
McVetty method for a period of 10 000 hours (approximately 1.14
years) have been determined. The creep rates determined are shown
in Figs. 10, 11, 12, and 13, and the total creep is shown in Figs. 14,
15, and 16. The creep rate is expressed in per cent per 10 000 hours,
and the total creep in per cent in 10 000 hours. The relation between
creep rate and stress is important, and the following relation between
creep rate and stress at a constant temperature has been proposed
by Mr. R. W. Bailey:'
v = AS"
in which
v is the creep rate under tensile stress
S is the tensile stress
A and n are experimentally determined constants.
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This relation has been found to represent creep rates at high stress
with a very fair degree of accuracy. If creep rate is plotted against
stress on two logarithmic coordinates, this equation is represented by
a straight line.
log v = log A + n log S.
In Figures 10, 11, and 12 the results of the 2000-hour tests are so
plotted, and it is obvious that in most cases a straight line does not
represent the relation for low stresses. It has been objected that the
reason for this is that under the lower stresses the first stage of creep
is not really over in 2000 hours, and the rate has not reached its
constant or minimum value. To afford a check on this point, speci-
mens from seven of the sheaths were subjected to longer tests. The
creep-time diagram for long-time tests is shown in Fig. 8, and the
stress-creep rate diagrams (to logarithmic co6rdinates) are shown in
Fig. 13. Each value of creep rate was determined from the slope of
the "second stage" part of the corresponding creep-time diagram. It
will be noted that there is quite a material difference between the
creep rates determined from the long-time tests and from the 2000-
hour tests. However, for low stresses even these long-time tests do
not give a straight line on the logarithmic stress-creep rate diagrams.
It would seem, then, that under low stresses in lead and lead
alloys the Bailey equation does not hold. At the higher stresses shown
in the stress-creep rate diagrams the curve approaches a straight line,
but the value of n in the Bailey equation is much lower than that
found by Mr. Bailey for tests of lead at about 1000 lb. per sq. in.;
and as the stress diminishes, the value of n, which is the slope with
respect to the vertical of the tangent of the curve at any point, di-
minishes, and it seems to approach a value of 1. This suggests that
the creep of lead may start out with stress-flow relations much like
those of a truly viscous liquid, and that as stress increases these
relations change, and the rate of creep increases faster than the in-
crease of stress.
As an arbitrary evaluation of the creep resistance of the metal in
the various sheaths tested, Fig. 17 has been plotted. On this are
shown both creep rate relations and total creep (by the McVetty
formula) for specimens at 110 deg. F. under 200 lb. per sq. in. tensile
stress. These values would seem to represent suitable conditions for
judging general creep resistance of the metals tested. It will be noted
that there is very little variation for the tension specimens tested
between the results from the McVetty diagrams and those from the
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FIG. 14. McVETTY DIAGRAMS FOR TOTAL CREEP OF LEAD AND
LEAD ALLOYS-2000-HOUR TESTS, I
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FIG. 15. MCVETTY DIAGRAMS FOR TOTAL CREEP OF LEAD AND
LEAD ALLOYS-2000-HOUR TESTS, II
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FIG. 16. McVTrrT DIAGRAMS SHOWING COMPARISON BETWEEN RESULTS
FROM 2000-HOUR TESTS AND RESULTS FROM LONGER-TIME TESTS
creep-rate diagrams. It will also be seen in Fig. 17 that there is very
little difference between the McVetty results for the long-time tests
and for the 2000-hour tests. The reason for this is that in the long,
slender tension specimens the first stage of creep is finished relatively
quickly. Moreover, as the creep rate in the assumed second stage
actually diminishes slightly the value of eo is increased, and the simul-
taneous diminution of creep rate and increases of eo tend to keep the
total creep more nearly the same for a given period than the creep
rate.
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FiG. 18. DUPLICATE TESTS OF SPECIMENS FROM THE SAME SHEATH
For an evaluation of the creep resistance of the metal of a sheath,
then, the determination of total creep in 10 000 hours based on a
2000-hour test, using the McVetty method, seems satisfactory, and is
proposed by the writers, except that for some of the harder alloys of
lead longer tests are necessary to reach a uniform rate of creep.
It is obvious that there are quite wide variations in creep resistance
as shown by specimens of what seem to be very similar metals. In
fact, specimens from the same sheath show a distinct variation in
creep rates as indicated by Fig. 18. A most striking instance is also
shown in the very low resistance of the specimens from Sheath U
(0.75 per cent antimony-lead) as compared with specimens of other
sheaths with similar chemical composition. Antimony separates out of
solution in lead at room temperature, and at least part of the varia-
tion in resistance to creep is probably due to various stages of segre-
gation. Some of the other alloying metals commonly used with lead
remain in solution somewhat better than antimony.
So great was this difference for Sheath U that reported analyses
and sheath markings were carefully checked and a qualitative analysis
of the metal in a specimen from Sheath U, which had shown very
great creep, was made, with very definite evidences of antimony. This
O./2
.0U8
.1J LAWS
(0 1 0
S0.08
^flAl
- edl7.s
1
e Jrre,'s 5,T C /UI Vr S6. //7.
Spec/ne~n No. 6',^ M
_rl 5, 20 lb 0ec&/-5e
Sheath, 26G
----Gra Lead- --
Tens/'/e Sfress 200/b. ,&er f
-. 4
Seea
~1
^
d
C//77.
^
d
6'
.I" • Jl»
-4C
r IA'
0041
V0. .-
/ •
?n me 5o.
CREEP AND FRACTURE OF LEAD AND LEAD ALLOYS
discrepancy is not confined to creep tests of lead and lead alloys. It is
also found, perhaps to an even greater extent, in creep tests of steel at
high temperatures. The phenomenon of creep evidently depends upon
properties of metals not determined by short-time tensile tests. Some
further discussion is given in a later chapter on the Theory of Creep.
At the present time the suggestion that creep resistance of a
metal in a sheath be determined by 2000-hour tests of tensile speci-
mens, although not altogether satisfactory, is the best which can be
offered by the writers.
12. Effect of Temperature on Creep of Lead and Lead Alloys.-It
is a well-known fact that increase of temperature in metals increases
the- creep rate for a given stress. This is the case for lead, and this
increase becomes very marked at comparatively low temperatures. In
the earlier series of tests, given in Bulletin 243, there was noted a
distinct difference in creep at 32 deg. F., at room temperature, and at
150 deg. F. During the series of creep tests described in this Bulletin
the creep of eight alloys was studied at room temperature (about
76 deg. F. average), at 110 deg. F. and at 150 deg. F. These eight
metals are:
0.03 per cent calcium-lead from Sheath 2P
0.03 per cent calcium-lead from Sheath 2B
1 per cent antimony-lead from Sheath 2K
2 per cent tin-lead from Sheath 2H
Grade III lead from Sheath X
Grade II lead from Sheath 2G
Grade III lead from Sheath nr
Grade III lead + copper from Sheath 2C
The data of these tests are shown in one way in Figs. 4-7, inclusive,
and in Figs. 19 and 20 the effect of temperature is shown a little more
sharply for the eight metals listed. It may be said here that to in-
vestigators of the theory of creep it seems reasonable that tempera-
ture effect should be a function of absolute temperature, and follow-
ing the practice of J. J. Kanter 16 in Figs. 19 and 20, the abscissas are
plotted as the reciprocal of absolute temperature. The corresponding
Fahrenheit temperature is indicated at the top of the figures. The
rapid rise of creep rate with temperature is evident from these figures.
So far no simple relation has been found connecting stress, tempera-
ture, and creep rate. Figure 21 shows three-dimensional isometric
creep rate-stress-temperature diagrams. These show very clearly the
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FIG. 22. CRACK DEVELOPING IN A 2-PER-CENT TIN-LEAD SPECIMEN
UNDER STEADY TENSILE LOAD
Magnification 140 x. Specimen unetchcd. Rotation of grains is shown liy betids in the
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general effect of temperature for different alloys,* although the metals
listed are too few to justify judgment as to the value of any type
of metal.
III. FRACTURE TESTS OF SPECIMENS OF LEAD AND LEAD ALLOYS
13. Comparison of Fracture Under Steady Load and Under Re-
peated Load.-Under steady load applied slowly, as is the case in
ordinary testing machine tests, lead exhibits measurable plastic action
at stresses certainly as low as 50 lb. per sq. in., and probably lower,
and its stress-strain diagram is curved throughout. It necks down
after a high percentage of elongation and fractures in the same
general way in which specimens of other ductile metals fracture.
Under a long-continued steady load, however, lead behaves quite
differently. Its behavior is strikingly similar to that of steel under
high temperatures. It fails by a gradually spreading crack (see
Fig. 22). It fails at a very much lower stress than in the case of a
short-time testing machine test. No limiting load has been found for
lead and lead alloys below which they will not finally fracture under
long-continued loading. However, in this bulletin no fracture tests are
reported below 700 lb. per sq. in. In some of the alloys the elongation
at fracture is about the same as that in a testing machine test, while
in others it is less. Under cycles of repeated load lead develops a
"fatigue" crack which is quite similar in appearance to that de-
veloped under long-time steady load. No fatigue test of lead or
of a lead alloy has developed a well-marked endurance limit,-no
limiting stress below which the metal can withstand an indefinitely
large number of cycles of stress without fracture.t Moreover, in the
case of lead and lead alloys speed of repetition of cycles of stress is a
major factor, while in tests of iron and steel at room temperatures
speed of repetition of cycles of stress is a minor factor. The failure
of lead and lead alloys under repeated stress seems to be due in part
to the number of the cycles of stress, and in part to the gradual creep
*In the article by J. J. Kanter, to which reference has just been made, it was suggested
that if values of the logarithm of the quantity tenilrs were plotted as ordinates and
values of V tensile stress were plotted as abscissas for any given stress, the result might be
expected to be a straight-line plot, and for different stresses (all at the same temperature)
the straight-line plots might be expected to be parallel. Although a wide range of values of
n was tried, it was not found possible to develop such parallel straight-line graphs for the
lead and lead alloys tested under low stresses. A possible explanation of the discrepancy
between Kanter's test results with brass and steel, and the test results with lead and lead
alloys may lie in the fact that the temperatures of testing lead and lead alloys were about at the
"threshold" temperature range for recrystallization.
tThe lowest endurance limit found on record for lead or lead alloys is 300 lb. per sq. in.
for the limit under 10 000 000 cycles of reversed direct stress (tension-compression) at a speed
of 2000 cycles of stress per minute. The metal was commercial lead. See Table 5.
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FIG. 23. TEST RACK FOR FRACTURE TESTS UNDER STEADY LOAD
FIG. 24. SPECIMEN FOR TENSILE TESTS TO FRACTURE UNDER A
COMBINATION OF STEADY LOAD AND VIBRATORY LOAD
which occurs during that part of the cycle when load is on the
specimen.
14. Apparatus and Specimens for Fracture Tests of Lead and Lead
Alloys in Tension.-Figure 23 shows the type of test rack used for
fracture tests of lead and lead alloys under steady load. To the lower
grip of each test specimen is attached a cord, which, when the speci-
men breaks and the weights drop, pulls out a small piece of wood,
releases a pawl and stops a clock placed above the specimen, thus
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FIG. 25. TENSILE STRENGTH OF LEAD AND LEAD ALLOYS UNDER STEADY LOAD
showing the time which has elapsed for failure. The rack as later
used was mounted on sponge rubber to minimize any shock trans-
mitted through the floor when the specimen breaks, and the helical
springs shown in Fig. 23 were not necessary.
Figure 24 shows the tension specimens used later in tests for
failure. This design was used to avoid stress concentration at fillets.
The arbitrary elongation after fracture was taken as the increase of
the distance ab between the shoulders of the test piece, as shown in
Fig. 24.
15. Results of Long-Time Steady Load Tests.-Figure 25 shows a
semi-logarithmic stress-time diagram for the materials tested, in-
cluding those reported in Bulletin 272. Figure 26 shows separately the
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tensile strength of the alloys tested since publication of that bulletin.
The results of fracture tests under steady load are shown in solid
lines. Figure 27 shows the ductility developed for the specimens
tested since the publication of Bulletin 272. The chemical compo-
sitions of the metals tested are given in Table 1.
In this connection it may be noted that White, Clark, and Wilson26
at the University of Michigan have reported fracture tests under
steady load for steel at high temperatures which show time-strength
diagrams similar to those shown for lead and lead alloys in Fig. 25.*
*The White-Clark-Wilson results were plotted to log-log coordinates rather than to semi-
log coordinates as used in Figs. 25, 26, and 27. However, the general character of results shown
is the same as is shown in this bulletin for lead and lead alloys.
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In general, no sign of a steady-load endurance limit has been shown
for lead alloys under steady stress. The situation is somewhat analo-
gous to that in the field of fatigue of metals before 1921 (when the
first systematic series of long-time endurance tests were made). At
that time it was suggested that a logarithmic equation might express
the relation between fatigue strength and number of cycles of stress
for "fatigue" fracture. In long-time fracture tests which have been
made on lead and lead alloys, the tensile strength under long-con-
tinued loading seems to be fairly well expressed by the equation
(TS) = (TS') - k (log t - 1)
in which
(TS) is the tensile strength for a given length of time t,
(TS') is the tensile strength in a short-time test (10 hours),
k is a constant obtained by experiment, (say by 1000-hour tests).
Since the test data available include few results for steady load tests
for periods longer than 1000 hours, such a formula should be held as
tentative, and the possibility of a definite strength limit under steady
load should be recognized, although no evidence of such a limit has
been found. The difficulty in making a number of series of tensile
tests covering 10 000 hours or more is obvious. In fatigue tests it is
possible to speed up tests by increasing the rapidity with which cycles
of stress are applied. There is no way to speed up time itself.
The logarithmic equations developed in the early days of fatigue
testing of metals proved to give results on the safe side, and it would
seem entirely probable that the equations suggested for strength of
lead under long-continued steady load would also give results on the
safe side, and .therefore, in default of any better information, would
be useful as one of the bases for computing thickness of sheathing.
Values of TS' and k for the various materials tested, based on the
available data, are given in Table 4.
16. Effect of Vibration on Long-Time Tensile Strength.-Pre-
liminary tests of fracture strength have been made in which the time
required for fracture under steady load has been compared with the
time required for fracture under a steady load with a "vibration"
superimposed. The amount of vibratory force superimposed on any
given steady load was _ 1 pound. As specimens of different material
were of different thickness, the range of vibratory tensile stress varied
slightly for different specimens, but was approximately ± 30 lb.
per sq. in.
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TABLE 4
VALUES OF CONSTANTS TS' AND k FOR LEAD AND LEAD ALLOYS TESTED TO
FRACTURE UNDER STEADY LOAD
A proposed equation for tensile strength of lead and lead alloys under long-continued steady
load is given, and tentative values of constants for several alloys tested. Since the test data on which
the constants are based include no stress value less than 700 lb. per sq. in., these constants should be
used cautiously for low stresses.
TS = TS' - k (log t - 1)
TS denotes the tensile strength for any duration of tensile load. Probably the equation should not
be used for values of TS less than 200 lb. per sq. in., and it should be used cautiously for
values of TS below 700 lb. per sq. in.
TS' denotes the tensile stress which will cause the metal to fracture in 10 hours under steady load.
t denotes the time in hours during which the metal is under the constant tensile stress TS.
k is a constant determined by a series of tests causing fracture for values of t ranging from 10 hours,
or less, to 1000 hours, or more.
Metal From Test TS' kSheath lb. per sq. in.
0.04 per cent calcium-lead............. L 3600 900
0.04 per cent second lot ............... ... 3180 590
0.03 per cent calcium-lead............. 2P 2500 417
0.75 per cent antimony-lead. .......... K 2450 467
2 per cent tin-lead .................... Q* 1850 403
"Commercial pure lead" I*
at 70 deg. F...................... ... 1400 253
at 90 deg. F.................... ... 1300 250
Grade III Lead ...................... 1140 185
*Metal from previous studies, see Bulletins 243 and 272, Engineering Experiment Station,
University of Illinois.
17. Specimen and Testing Machine for Vibratory Tests of Lead
and Lead Alloys.-The specimen used in all tests was the "short"
tensile specimen which has been used for fatigue tests of lead. The
specimen is shown in Fig. 24. Specimens were cut from four pieces of
sheathing: (1) from Sheath 7r, Grade III lead; (2) from Sheath V,
2 per cent tin-lead; (3) from Sheath 2K, % per cent antimony-lead;
and (4) from Sheath 2P, 0.03 per cent calcium-lead.
One of the repeated-tension fatigue machines in the University of
Illinois Fatigue of Metals Laboratory was modified for use in the
vibratory tests. The machine is shown, in diagram, in Fig. 28. Steady
load is applied to the specimen S by tightening up the nut N, and this
load is measured by the compression of the "soft" spring P, this com-
pression being indicated by pointer T on scale C. The vibratory load
is applied through the lever L, which is vibrated by the variable-throw
eccentric E. The slight vibration cannot be measured accurately on
the scale C, and to measure the change of load due to vibration the
micrometer dial M is used. The range of motion of this micrometer
is too short to measure the large amount of compression put into the
spring P by the steady load, which is from 20 to 60 times the vibrating
load. The range of vibrating load is determined by turning the ma-
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FIG. 28. TESTING MACHINE FOR TENSILE TESTS UNDER
STEADY LOAD PLUS VIBRATION
*chine over by hand, and when the machine is running the plunger
of the dial micrometer is held back out of contact with the plate
on top of the spring. The machine is operated at 1000 r.p.m., and a
knock-off device stops the motor when a specimen breaks.
18. Results of Vibratory Tests.-The results of the vibratory tests
of lead and lead alloys are shown in Figs. 26 and 27 in broken lines.
The solid lines show the results of the fracture tests under steady load.
While no general formula can be given, the effect of the slight vibra-
tion on the metals is marked, especially for the Grade III lead, and
the tin-lead alloy. However, it should be noted that the ratio of
vibratory stress to steady stress was greater for the Grade III lead
and for the tin-lead than for the antimony-lead or the calcium-lead.
However, the fact is striking that the superposition of a vibratory
stress of about 30 lb. per sq. in. on the steady stress shortened the
"life" of the Grade III lead specimens to about 2 per cent of the
life under steady load. The life of the tin-lead specimens was
shortened to about 14 per cent of that under steady load; the life
of the antimony-lead specimens was shortened to about 50 per cent
of that under steady load; and the life of the calcium-lead speci-
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mens was shortened to about 50 per cent of that under steady load.
Figure 27 shows the elongation developed in the steady load tests
to fracture, and in the vibratory tests to fracture. A slight general
effect of vibration on elongation is shown. The elongation of the
antimony-lead specimens shows some diminution as time for fracture
increases.
IV. DUCTILITY OF LEAD AND LEAD ALLOYS
19. Various Types of Ductility.-The ductility of a metal is
usually measured by its elongation or reduction of cross-sectional
area in a tension test to fracture. This may serve as an index for duc-
tility under static load. Even under static load the significance of
this ductility is somewhat uncertain. Long before any stretch as great
as the elongation at fracture of a ductile metal is reached, any struc-
tural member would have failed to function on account of excessive
deformation. This static elongation would serve as something of an
insurance against actual fracture under a considerable overload.
When subjected to repeated stress, the metal is subjected to a
large number of small elongations. Under these conditions the proper-
ties of the metal change. Cold work increases somewhat the strength
of the metal, but at the same time reduces the amount it will stretch
before cracking. If, as is true in the case of lead, actual recrystal-
lization of the metal can take place, the ductility and strength may
be still further modified. The ductility of the metal after thousands
of cycles of repeated stress may be quite different from that at the
beginning, and in general it tends to diminish. A common proposal for
measuring this "dynamic ductility" or "crackless plasticity" under
repeated stress is to subject a specimen of the metal to repeated bend-
ing and to count the number of cycles of bending required to produce
a crack. Unfortunately, both the qualitative and quantitative re-
sults of different metals depend very largely on the intensity of the
stress applied per cycle. Under cycles of high strain, strain well into
the plastic range of the metal, metal A may show longer life than
metal B. Under cycles of stress one-half as great both metals will
show greatly increased life but it is not at all sure that metal A will
show longer life than metal B. Any serviceable test for dynamic duc-
tility, then, must be selected with regard to the kinds of load and
for the number of cycles which the metal will receive in service.
20. Study of Various Ductility and Fatigue Tests.-To throw some
light on this matter several series of tests of lead and lead alloys
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FIG. 30. ILLINOIS TESTING MACHINE FOR REPEATED-BEND AND FATIGUE
TESTS OF LEAD AND LEAD ALLOYS
have been run on different machines which subject a specimen to re-
peated tension or reversed flexure. The results of these tests, shown
in Table 5 and Fig. 29, are the results of average values, frequently
from a number of different sheaths with about the same chemical
composition. These results are presented as a basis for studying
different tests used, and should not be used to judge the ductility on
any particular lead alloy.
21. Testing Machines.-The IPCEA machine in the Chicago labo-
ratories of the Commonwealth Edison Company bends a specimen
back and forth for 90 degrees around a "corner" with a radius of
% inch. This test is used to locate flaws in the structure of cable
sheathing by noting the uniformity around the circumference in the
number of 90-degree bends required to break a specimen. The test
can, however, be considered to give a rough indication of the ductility
of the metal.
The dummy manhole apparatus in the Chicago laboratories of the
Commonwealth Edison Company is a full-size model of a manhole
in which samples of cable are installed and connected with a joint,
as they are in service. The cable is moved back and forth at the
duct mouths, as it moves in service. This movement causes a slight
repeated bending of the sheath. The number of bends required to
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cause a crack to appear in the specimen is taken as an index of duc-
tility. Results of tests on the dummy manhole apparatus, such as are
shown in Table 5, are influenced by variations in the design and con-
struction of the manhole, and by variations in the bearing of the
cable in the manhole, as well as by the ductility of the metal in the
sheathing.
In the Arthur Newell Talbot Laboratory at the University of
Illinois bend tests were made on the machine shown in Fig. 30 (b).
In this machine the spring to which the specimen is attached is
blocked, thus clamping the specimen rigidly to the "goose neck"
frame, G. Then, by varying the throw of the crank, the specimen is
given a definite deflection (with consequent definite angle of bend)
and the number of cycles of flexure required to cause fracture noted.
In one series of tests the angle of bend was 5 deg. 25 min. In a second
series the angle of bend was 0 deg. 45 min.
In addition to these bend tests, results of fatigue tests on three
different machines are summarized in Table 5 and Fig. 29. The
reversed-flexure machine is the same as that shown in Fig. 30 (a),
using the calibrated spring as shown there. The repeated-tension
machine working at a speed of one cycle per minute is shown in
Fig. 31. It operates by the lifting and lowering of weights by cams.
The reversed-axial stress machine was a Haigh electro-magnetic ma-
chine for tests in direct tension and compression. The results on the
Haigh machine have been reported by H. Waterhouse 25 of the Wool-
wich Arsenal Laboratories.
In all the fatigue tests the stress under which the metal would
withstand a definite specified number of cycles was used as the index
of resistance of the specimen.
22. Results of Tests.-It is obvious that of all the machines used
the IPCEA machine subjected specimens to the severest strain per
cycle. Next to that, the Illinois bend test with bend angle of 5 deg.
25 min. seemed most severe. Following those came the dummy man-
hole test and the Illinois 0 deg. 45 min. bend test, although it is. dif-
ficult to say which of these two is the more severe. The fatigue tests
all seemed to subject the specimen to less severe cycles of strain than
did the bend tests.
From the test results, shown in Table 5 and Fig. 29, it is im-
mediately obvious that the different tests give widely varying results.
Comparing the IPCEA results with those of the fatigue tests, or of
the 0 deg. 45 min. bend tests, it is noted that the metals tested are
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FIG. 31. REPEATED TENSION TESTING MACHINE-ONE CYCLE
OF STRESS PER MINUTE
The weights in the upper row set up constant tensile stresses in the specimens; the weights
in the lower row are raised and lowered by the cam-driven wooden flat pieces, setting up cycles
of repeated tensile stress superimposed on the steady tensile stress set up by the upper weights.
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arranged between two tests in almost opposite orders of merit. This
indicates that if lead sheathing in service is in greatest danger of fail-
ing from many repetitions from slight bending or stretching, then a
test of the fatigue type, or possibly of the small angle bend type,
would be the best index of its serviceability. On the other hand, if
the danger seems to be mainly from comparatively few severe strains,
then the IPCEA test, or the large angle bend test, seems preferable.
Although the test data are insufficient to give conclusive evidence,
the test results suggest that bend tests using angles of, say, 10 deg.
or more would indicate resistance to fracture under a few cycles of
severe load, while bend tests with an angle of, say, 45 min. or less
would, like fatigue tests, indicate resistance to many cycles of small
strains. Severe bend tests are useful in detecting oxide inclusions and
defective welds. 13
H. Waterhouse25 reported tests on specimens from extruded sheaths
of alloys similar to the ones tested at the University of Illinois, and
his test results agree fairly well with the results of the Illinois re-
versed-flexure fatigue tests. In his test a Haigh direct-stress machine
was used which subjected the specimen to a cycle of tensile stress
followed by an equal compressive stress at the rate of 2000 cycles per
minute. As may be seen in Table 5 and Fig. 29 this work checks well
with the Illinois flexure tests in all alloys except the plain lead. Since
the direct tension tests were made on several different materials in
the plain lead group, and the flexure tests on only one material, the
former tests should be given the most weight. The material used in
the flexure test as a plain lead showed less creep than the average
plain lead.
In general, it may be noted that the metals most resistant to creep
show greatest resistance to cracking under many cycles of small
strains, while the metals least resistant to creep show best resistance
to cracking under a few cycles of large strains.
All these results are in general harmony with the results of fatigue
and ductility tests of other metals. The kind of ductility indicated by
elongation and reduction of area in a static tension test gives a
metal resistance to fracture under a few severe strains. This test
stands at one extreme of the series of possible tests for ductility. At
the other extreme stands a test involving many repetitions with a very
slight strain. Fatigue tests provide ordinarily such a test. The re-
sistance to cracking under these circumstances seems to depend
mainly on strength, and only slightly on ductility, as indicated by a
static test, or a large-angle bend test.
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The fatigue tests at different speeds show in a general way the
reduction of endurance limit for the tests with lower frequency of
cycles of stress. Lead and lead alloys always creep under loads, and
the amount of strain due to creep is a function of time rather than
number of reversals of stress. Hence fatigue tests of lead and lead
alloys at high frequencies of application of stress would naturally
show higher endurance limits than fatigue tests with low frequencies
of application of stress.
For all the metals tested except the plain lead, the direct tension
tests at Illinois, which were run at one cycle per minute, show some-
thing like a 50-per-cent reduction in life at 100 000 cycles from the
values given by flexural tests at 2500 cycles per minute. Since it took
the Illinois direct-tension machine a longer time to reach 100 000
cycles than the flexure machine, creep seems to have had a chance to
affect the results of the tests. Since the Illinois direct-tension tests
subjected the materials to tension only while the Haigh and Illinois
flexure tests subjected the materials to reversed stress also, the reduced
life at 100 000 cycles becomes even more significant.
V. CREEP OF CABLE SHEATHING UNDER INTERNAL PRESSURE
23. Sheathing Tested and Apparatus for Testing Sheathing Under
Long-Continued Oil Pressure.-Table 6 gives a list of specimens of
sheathing subjected to long-continued internal oil pressure. The rack
for conducting creep tests on full-sized cable sheathing under hydrau-
lic pressure is shown in Fig. 32. Three specimens of sheathing (S, S'
and S") are shown in this apparatus, which has since been enlarged
to take six specimens. Constant pressure is supplied by the mercury
column M, which transmits its pressure to the oil in the sheathing.
The oil level is at N-N. The mercury does not touch the sheathing, as
this would cause amalgamation of the mercury and lead. The gage G
indicates the pressure, from which the circumferential bursting stress
can be computed. A constant oil pressure of 25 lb. per sq. in. is
maintained.
The apparatus for measurement of lateral expansion of the full-
sized lead sheathing specimens is shown in Fig. 33. The lateral ex-
pansion was measured by a dial micrometer spanning various pairs of
steel balls, which were fitted into brass sockets, which, in turn, were
soldered to the surface of the test sheath. Any effect due to soldering
the brass socket on the metal affects only a small area, while creep
depends on all the metal in. the specimen. The micrometer head
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FIG. 32. TEST RACK FOR SHEATHING UNDER LONG-CONTINUED
INTERNAL PRESSURE
FIG. 33. MICROMETER FOR MEASURING DIAMETRAL EXPANSION
OF SHEATHING UNDER INTERNAL PRESSURE
Showing standard (unstressed) specimen for making corrections for variations in temperature.
M (Fig. 33) was used to change the range of the apparatus, and the
actual indication of distance between steel balls is shown on the
micrometer dial D, which is sensitive to one ten-thousandth of an inch.
The short length of test sheathing shown in Fig. 33 is used as a
"standard bar" for the measurement of the expansion of the sheaths.
This standard bar is kept close to the test sheaths and is assumed
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For each determination of average c1/cumferentik/ creep the
increment of horizontal diameter, "x'" and the increment of
vertica/ diameter, y ,' are measured, /7' per cent of orig/nza/ diam-
eter, at each station. The average c/,rcumferentia/ creep, in per
cent, is the average of these /2 increments.
FIG. 34. DIAGRAM OF SHEATH SET UP FOR TEST UNDER INTERNAL PRESSURE
to change temperature with them. A piece of steel fitted with ball
contacts for the micrometer serves as a second "standard bar." The
readings of the micrometer on these standard bars give the changes
in size due to temperature, and suitable allowances for these tempera-
ture changes may be made while measuring creep. Readings of lateral
expansion (creep) were taken along each test sheath at "stations"
one foot apart (see Fig. 34).
24. Correlation of Tension Tests with Creep of Sheaths Under In-
ternal Oil Pressure.-From five of the eight sheaths tested, k, 2G, 7-,
2C and 0, tensile creep specimens were cut. These tensile specimens
have been tested for creep at room temperature in the usual test racks
for tensile specimens. In addition to these tests, sheaths 2H and 21
have been removed from the pressure racks and 10-in. tensile speci-
mens cut from them and tested in the creep racks. Of course, these
tensile specimens from sheaths 2H and 21 have been subjected to
several years creep under a stress of approximately 200 lb. per sq. in.,
and their original creep resistance may have been changed.
It was hoped by this method of comparing creep of tensile speci-
mens with creep of the tubes to establish a better correlation between
creep of tubes and creep of tensile specimens than the one reported in
Bulletin 243, pp. 20-22. After examining the test data it was found
that this correlation was more difficult to determine than had been
anticipated. A much longer time was required for the sheath to estab-
lish a steady creep rate than was the case for the tensile specimens.
This means that in the sheath the first stage of creep lasts longer than
in the narrow tensile specimen cut from the sheath, and that, using
the McVetty formula, 19 the value of eo is much larger.
One explanation of this lengthening of time in the first stage of
creep is that the length of time for the first stage depends to a con-
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siderable degree on the actual form of the specimen. If in a sheath
there are dents or bends, at such locations there are set up bending
stresses which tend to smooth out these dents or bends, and to make
the cross section of the sheath a true circular ring. Corresponding
bends in a tensile specimen would tend to make it straight. The creep
of a metal, like any other inelastic strain, tends to diminish localized
stress due to imperfections of form. Now as long as this process of
smoothing out the localized inequalities of stress continues, the creep
rate will decrease; that is, the first stage will continue. Narrow tensile
specimens, cut from sheath metal which is held flat between two steel
templates, are more nearly free from mechanical imperfections of
form than are full-section pieces of sheathing which have been coiled
on a reel and then straightened out.
A second explanation of this lengthening of time in the first stage
of creep is the change in the structure of the metal due to cold working
and possible recrystallization at locations of localized distortion.
However, such changes would seem to be about as likely to occur in
the tensile specimens as in the full-section specimens of sheathing.
Under low stresses the stress distribution in metal structural or
machine parts is frequently very irregular. Large irregularities have
been found in the distribution of shearing stress in webs of plate
girders under light load.* Even in the tensile creep tests of lead
specimens the elongations along the two flat sides of the specimen are
usually quite different. In extreme cases one side of the tensile speci-
men has been found actually to shorten under creep for a considerable
length of time, while the other side showed an unusually large tensile
creep.
This influence of irregularities of form on actual stress distribution
in sheathing, with consequent effect on the creep rate developed,
makes it impractical to apply methods of comparison of creep of
sheaths as received from the manufacturers or as taken from service
with creep of tensile specimens, using such formulas for compound
stress as have been developed by R. W. Bailey. 1 However, it is the
creep of actual sheaths with all their imperfections in which the user
of sheaths is interested.
Figures 35, 36, 37, and 38 show creep-time diagrams for five of
the oil-filled cylinders. It will be noted from these creep-time dia-
grams that the amount of creep measured at various "stations" (see
Fig. 34) along the length of a sheath differs widely. This irregularity
of creep behavior may be explained by the irregularity of stress dis-
*Unpublished results obtained by S. W. Lyon and H. F. Moore on elevated railway girders.
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FIG. 35. CREEP-TIME DIAGRAM FOR CALCIUM-LEAD SHEATH
UNDER INTERNAL PRESSURE
FIG. 36. CREEP-TIME DIAGRAM FOR GRADE II LEAD SHEATH
UNDER INTERNAL PRESSURE
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FIG. 37. CREEP-TIME DIAGRAM FOR GRADE III LEAD SHEATH
UNDER INTERNAL PRESSURE
FIG. 38. CREEP-TIME DIAGRAM FOR SHEATH OF GRADE III LEAD ALLOYED
WITH COPPER, UNDER INTERNAL PRESSURE
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tribution discussed in the preceding paragraphs. In addition to the
factors noted there localized creep may be greatly affected and general
creep somewhat affected by any eccentricity of inside and outside cir-
cumferences of a sheath, with resultant variation in thickness of wall.
The effect of such eccentricity on general creep is discussed in Appen-
dix B of this bulletin. At a thin-walled location creep rate tends to
be increased as time elapses, instead of attaining a steady rate, as is
the case for bent or dented metal of normal thickness. The localized
effect of regions of diminished wall thickness is, perhaps, even more
important than the effect on the general creep rate of the sheathing.
In a thin tube under internal pressure any thin-walled metal tends to
stretch more than metal of normal wall thickness, and this tendency
is accentuated by the greater increase of diameter of the section
through a thin-walled metal, and by the tendency for the tube to
take an egg-shaped section rather than a circular section, with conse-
quent diminished radius of curvature of the thin metal, and increased
maximum tensile stress, due to flexure. These effects are cumulative,
and, in tests to rupture, usually cause a "blister" to appear, and
fracture to take place at this "blister."
25. McVetty Diagrams for Tensile Specimens and Sheaths Under
Pressure.-As an arbitrary index of the relative creep of sheaths
tested under oil pressure and the creep of tension specimens, the values
for total creep of four of the specimens after a period of five years
(43 800 hours) have been determined by the McVetty method. This,
of course, involves considerable extrapolation of the data for the
sheaths, and an even greater extrapolation for the tensile specimens.
However, the creep rates seem to have become quite well stabilized
for the specimens after 2000 hours and fairly well stabilized for the
sheaths after 10 000 hours. This period of five years was chosen
because it would seem to approach a length of time which would be
representative of the period during which a sheath is actually under
pressure during a satisfactory "life." Again it is noted that this
method yields a purely arbitrary comparison for the various sheaths.
Figure 39 represents the McVetty diagrams for five years for
the tensile specimens cut from four sheaths. The value of e0 and
of the total creep in five years as shown by the test data from the oil-
filled sheaths is also shown on these diagrams. It will be noted that
no data are given for sheaths X, w, and 2C. An examination of the
creep-time data for these sheaths, which are given in Figs. 37 and 38,
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indicates that the sheaths had not acquired a steady rate of creep, and
therefore no attempt has been made to obtain values of eo and total
creep. In the case of sheaths 0 and 2G, eo and total creep for five
years are computed from the average circumferential creep of the
sheath. This is also true for the sheaths 21 and 2H for which the
average circumferential creep has been plotted. It will be noted that,
with the exception of sheath 0, the total creep for five years is less
for the sheaths than for the tensile specimens, and that the value of
eo for all sheaths is greater than the value for the tensile specimens.
The creep rate is so small and the value of eo is so great for sheath 0
that the actual computed creep for five years is greater for the sheath
than for the specimen. Sheath 0, composed of 0.04 per cent calcium-
lead, is made of a stiff and relatively brittle lead alloy. The sheath
tested was an empty sheath of small diameter, and the bends, dents,
and out-of-roundness seemed to affect the initial creep of this sheath,
making e,, more than for any other sheath. Possibly age hardening is
a factor in the creep behavior of sheath 0, which has been under
steady internal pressure for 30 000 hours.
26. Conclusions as to Correlation of Creep of Sheaths and Tensile
Specimens.-If the relative creep of sheaths under pressure and speci-
mens of lead sheathing under low stresses were - to be studied as a
purely scientific problem, it would be necessary to make tests on
sheaths and specimens free from imperfections of shape and annealed
to remove any cold working effects. In fact it is desirable to make
such tests, even though they would take some years to complete satis-
factorily. However, the effect of imperfections of form and cold
working due to the handling which all cable sheathing receives when
it is wound on a reel, unwound from the reel, and pulled into a conduit
seems to be a factor which can not be ignored. It would seem to be
most important in the case of strong, stiff alloys. Bailey's analysis of
stress, 1 indicates that the circumferential creep of a closed cylinder
under pressure is something like 50 per cent of the creep of a tensile
specimen of the metal under a simple tensile stress equal to the cir-
cumferential tensile stress in the cylinder. In Figure 39 the creep
rate of the tensile specimen may be represented by the distance
vtt. In the same figure the creep rate for the sheath may be repre-
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sented by the distance v.t. The ratio of Vst to vtt for the sheaths tested
is as follows:
Sheath
0............ ...
2G .............
21 ............. .
2H .............
Circumferential
Stress
275
210
230
200
Ratio of Rate of
Creep for Sheath to
Rate of Creep for
Tensile Specimen
0.86
0.74
0.42
0.52
Some of these values ran higher than those given by Bailey's
analysis.*
On sheaths k and 7r 20-in. gage lines were laid out for measuring
axial creep. The effective sensitivity of the strain gage used was about
0.001 inch, so that a creep of 0.005 per cent. could be detected. The
sheaths have been in the racks for about 3600 hours, and no axial
creep has been detected. For a closed tube under pressure (circumfer-
ential stress = twice axial stress) Bailey's analysis indicates an axial
creep rate equal to zero.
Perhaps at the present time about all that can be said is that both
the creep rate for sheaths under internal pressure and the total creep
for long periods of time were, in general, less than the creep rate and
the total creep of corresponding tensile specimens under one-direc-
tional stress. It would seem that for some alloys, especially relatively
strong and stiff' alloys, the effect of inevitable distortions in handling
the sheath might make the total creep of a sheath almost as great as
(or for periods up to two or three years even greater than) the creep
of tensile specimens cut from it. In view of the impossibility of avoid-
ing bending, straightening, and handling the sheath, it would seem
conservative practice to recommend at the present time that the total
circumferential creep of a sheath under pressure for a period of years
should be regarded as equal in magnitude to the total creep of tensile
specimens for the same period.
*Bailey's formula for creep rate under stress along three principal axes X, Y, and Z is
C- = -I(x- Y)+ 1 (Z-X)z+ (Y-z)* m[(x -Y'--(Z-X)-
in which C. denotes creep rate along the X axis
X denotes stress along the X axis
Y denotes stress along the Y axis
Z denotes stress along the Z axis
A, n, and m are experimental constants.
The relation is assumed for a simple tensile test C = AS- in which C is axial creep rate
and 8 is the stress. A criticism of this relation is to be given in the bulletin; m is a constant
derived from torsion test results.
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VI. EXPANSION OF SHEATHS ON UNDERGROUND POWER
CABLES IN SERVICE
By HERMAN HALPERIN*
27. Damage to Power Cables Caused by Expansion of Sheathing.
-During the past 12 or 14 years the rate and amount of radial ex-
pansion or creep of sheaths on underground power cables in service
has become a matter of outstanding interest and importance, es-
pecially in connection with high-voltage, impregnated-paper-insulated,
lead-covered cable. Prior to that time it had been generally considered
-if the problem was considered at all-that the sheaths of cables
had negligible expansion in service. Operating experience had justified
that assumption because apparently there were practically no troubles
due to substantial sheath expansion.
The main reasons that the expansion of sheaths in service became
a matter of interest several years ago, and then a matter of concern.
are indicated in the following four paragraphs. The first three apply to
solid-type cable, where no special provisions are made for longitudinal
movement of the insulating compound to decrease the internal pressure
changes with changes in temperature. The compounds used 13 years
ago and earlier were heavy, but since then compounds with the
consistency of a cylinder oil and with pour-points of 40 deg. F. down
to 20 deg. F. have been used. The fourth paragraph applies to oil-
filled cable having special provisions for longitudinal movement of
the thin insulating oil, and having a closed system of reservoirs con-
taining degasified oil under pressure connected to the cable as in-
stalled; the internal positive pressures that occur in service are subject
to exact calculations, and therefore to limitations as may be desired.
(a) The operating experience and test data obtained 12, 15, and 18
years ago showed that the cable as then made was not very thoroughly
impregnated, with the result that electrical discharges took place in
the voids in the insulation, and caused frequent failures in high-
voltage cable, that is, in cable operating at over 7500 volts. Factory
processes were changed to remove the gases from the cable more
thoroughly, and to improve the saturation of the insulation with the
impregnating compound. Thus the mass within the sheath was made
almost incompressible, and distention of the sheath upon heating of
the cable in service was increased. The temperature coefficient of
volumetric expansion for the compound is about 0.0004 per degree F.
*Assistant Equipment and Research Engineer, Commonwealth Edison Company, Chicago.
Illinois.
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(b) Whereas the bulk of the transmission cable had been made for
operation at about 12 kv., with a little at about twice that voltage,
it became necessary to make increasing amounts of cable to operate
at about 25, 33, and 66 kv. This trend resulted in an increase in
the ratio of the volume of compound to the total volume inside the
sheath. For instance, this ratio was only 38 per cent for 500 000 c.m.,
3-conductor, 12-kv. cable as compared to 431/ per cent for 750 000
c.m., single-conductor, 66-kv. cable. The heat losses in these cables
in operation caused far greater distention of the sheath of the 66-kv.
cable than of that of the 12-kv. cable because of the higher relative
amount of oil in the 66-kv. cable. This is indicated by the fact that
for the Commonwealth Edison Company's cable in service the rate
of appearance of complete sheath openings due to inherent sheath
defects in cable manufactured during 1926 to 1937 has been 0.3 failure
per hundred miles of cable per year for the 12-kv. cable as compared
to a rate of 8.0 for the 66-kv. cable. The high rates of openings in
defective sheath usually occur when the sheath has expanded a few
per cent or more.
(c) Usually it is considered essential, for example, on 3-conductor
cable operating at about 27 kv. and on single-conductor cable op-
erating at 66 kv., to fill the joints with a very thin oil such as is
normally used in transformers. The oil tends to migrate from the
joints into the cable during the cooling part of daily load cycles, and
when the cable temperature begins to increase with increasing load,
it does not return readily, thereby tending to expand the sheath.
There is a similar seasonal movement with oil entering the cable in
winter and oil moving toward the joints in summer. The resistance
to longitudinal flow accentuates sheath expansion.
(d) The first installations of oil-filled cable in this country, in
1926 and 1927, were made with cable having double sheath con-
struction; that is, two sheaths with reinforcing of paper tape and
hard-drawn copper tape between them. Almost all of the subsequent
oil-filled cable was installed with the usual single sheath. The main
factor in determining the sheath thickness has been the limiting
circumferential tensile stress in the sheath,-the maximum stress
which would not cause excessive expansion of the sheath within the
span of a "normal life" for.the cable.
As knowledge of the creep characteristics of sheaths has become
available during the past ten years, there has been an increasing reali-
zation of the importance of knowing the creep characteristics of the
sheath material. Such knowledge is necessary to assure a sheath of
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such material and thickness as to prevent distention in service from
becoming so serious as to limit the life of an underground cable system.
The results obtained at the University of Illinois in connection with
this problem have been valuable, directly and indirectly.
28. Internal Pressure and Stress Developed in Service.-If 66-kv.
solid-type cable is loaded somewhat heavily soon after installation,
the internal pressure will approach 50 or 75 lb. per sq. in. or even more.
Figure 40 shows some values of internal pressure during daily load
cycles which were obtained in the middle of lengths of single-conduc-
tor, 66-kv. cables in service. Curve A, which reaches a peak of 72 lb.
per sq. in., was obtained on a 2 100 000 c.m. cable with 4 4 inch of
insulation which had been in service for only two months. A moder-
ately heavy load lasting three hours was applied rather suddenly for
the purpose of observing the pressures. These pressures are unusually
high. Usually a new line operates at low or medium loads for a con-
siderable time after installation, and when heavy loads appear they
come gradually.
With time in service, the sheath is pushed out a little and the
insulation loosens somewhat. Curves B and C show pressures that
are more common. These are for 750 000 c.m. cable with 4/%4 inch
of insulation, such cable constituting a large majority of the 66-kv.
solid type in Chicago. The peak value of 50 lb. per sq. in. for curve B
is about the maximum to be expected, and is attained only occasionally
under ordinary conditions.
As shown in this graph, the pressure in solid-type cable in service
is below atmospheric pressure from a third to a half of the day. Under
this condition the sheath is in compression. On release of load, cable
sheaths show appreciable elastic recovery which, combined with the
contraction due to the compressive force of the atmosphere, reduces
the net amount of expansion of the sheaths in service.
If the pressure on the oil in oil-filled cable is exerted by hydro-
static head of oil only, the pressure in the cable at any location is
constant. An example is the first 132-kv. line that was installed in
Chicago, in 1926-27. The oil reservoirs are in towers about 45 to 68
feet above the cable. The corresponding pressures in the cable are
from 18 to 27 lb. per sq. in. The cable has a double sheath, with the
inner sheath reinforced. A similar installation was made in New York
at the same time, with the maximum pressures higher than those in
Chicago. A few openings have occurred in the inner sheath in the
Chicago line due to defects in the sheath, and several times as many
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openings have occurred in New York from the same cause. Changes
were made in the New York installation a few years ago, however,
in order to reduce the maximum pressures and the likelihood of
further sheath openings.
If the pressure in an oil-filled cable is maintained by gas pressure
exerted on diaphragms in the oil reservoirs, which are installed in
manholes at about the elevation of the cable, the internal pressures
and stresses on the sheath vary with temperatures, and may be about
as follows for the lower parts of a line where the internal pressures
are highest:
Internal pressures, lb. per sq. in.........
Average stress on sheath, lb. per sq. in.. .
Daily
Max. Min. Range
11 9% 1 2
104 90 14
Annual
Max. Min. Range
15 6 9
142* 57 85
*During emergency line loads, the maximum average stress might be 150 to 175 lb. per sq.
in., corresponding to an internal oil pressure of about 17 lb. per sq. in., and depending on sheath
thicknesses and cable diameters.
The stresses given in the foregoing table as well as those in Fig. 40
are based on the nominal specified average thickness of the sheath.
Manufacturers usually supply sheaths with a few per cent more lead
than required for the nominal sheath thickness, and the minimum
thickness usually obtained is now generally 5 or 8 per cent below the
measured average thickness. For consideration of the rate of expan-
sion of the sheath, an assumption of average nominal thickness around
the circumference seems, therefore, to be a conservative assumption.
However, eccentricities in sheath thickness up to 10 or 12 per cent
are fairly frequent, and occasionally eccentricities as high as 15 per
cent or more occur. A still more conservative assumption in connec-
tion with determining the possible stretching of sheaths is to assume
a sheath thickness equal to the minimum thickness permitted on the
purchase specification, that is, 10 per cent less than the nominal
average thickness.
Active consideration is being given both in this country and
abroad to the use of double reinforced sheaths for new cable designs,
the reinforcing, perhaps, being somewhat stronger than that used on
the 132-kv. lines in Chicago and New York. Experience indicates that,
in spite of the reinforcing, the longitudinal as well as radial creep
characteristics of the sheath appear to be of direct concern in con-
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FIG. 40. TYPICAL DAILY CYCLE OF INTERNAL PRESSURES IN 66-KV. SOLID CABLES
nection with such cables, which may be operated at internal pressures
of 150 or 200 lb. per sq. in.
29. Defects in Metal and Non-uniform Thickness of Sheath
Walls.-As previously indicated, the effect of internal pressures in
both the solid type and oil-filled type of cable is, first, to cause
openings of the sheath at defects in the lead. Structural defects
as a result of imperfect welds or non-metallic inclusions, or both,
were the first ones to appear in any quantity. Later a high rate of
openings occurred at the thin portions of the sheaths on 66-kv. solid-
type cable in Chicago. In such cases it has been shown by calculations
and by test that the sheaths as originally manufactured had thin
portions with thicknesses less than 90 per cent of the nominal sheath
thickness. In some rare cases the thin portion was originally only
65 to 75 per cent of the nominal sheath thickness.
The manufacturers have made substantial progress, particularly
in the past five years, first, in improving the structure of the sheath
and, second, in making the sheath more nearly concentric. They have
made many improvements in the handling of the lead and in the
extrusion process with the lead press.
Even with all these improvements, the industry still has a sub-
stantial interest in creep characteristics of lead sheaths of power
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cables in service. This applies not only to the usual solid and oil-
filled types of cable now in use, but also to most of the variations
and new designs, since such innovations involve pressures inside the
sheath ranging from 10 to 200 lb. per sq. in.
30. Field Measurements of Expansion of Sheathing.-The Com-
monwealth Edison Company measures at intervals of 20 feet the
outside diameters of all 66-kv. solid-type cable that is removed from
service. From these measurements the expansion of the sheath from
its condition when new is estimated. Data have been obtained for
231 lengths of cable over 200 feet long and having %4 inch of or-
dinary sheath. These lengths were in normal service and had been
installed in the usual horizontal conduits. Expansion of the diameter
of the sheath was determined for the average of that 100 feet of the
length for which the expansion was the highest. It is to be noted
that these data apply to normal cable, omitting those lengths having
unusual structural defects or deficiencies in thickness.
Although the individual data scatter widely, the average values are
fairly consistent in indicating an average rate of increase in cable
diameter of 0.006 inch per month with the addition of 0.015 inch
early in the service period. This latter corresponds to the first stage
of creep, as explained in Chapter V. In a few cases the expansion
was about 0.150 inch in 8 or 10 years. Whether or not the further
expansion of the sheath will shorten the life of the cable greatly
is not at present evident. There are definite indications, however,
that fracture of structurally good sheaths will occur with much less
expansion in service than is obtained in the short-time laboratory
tests.*
As may be expected, the operating data presented herein are
mostly from the company with which the author is associated, but
several other utilities have reported more or less similar experience.
Attempts have been made in Chicago to measure the expansion
of sheaths of cables in service without removing the cable, but the
results have not been satisfactory. Since the cables are in conduit,
they are not accessible except in the manholes. Here the temperatures
of the sheaths are lower than in the ducts and, as a result, the ex-
pansion is much less. Also, in all but a few manholes there are joints
in the cable which reduce the changes in internal pressure.
*As shown in Fig. 27 there is a tendency for the ductility of the lead and lead alloys
tested to diminish as time under stress increases.
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31. Determination of Expansion by Change in Electric Capacity
of Cable.-On two experimental installations of 1000 feet of oil-filled
cable in Chicago, periodic measurements of electrical capacitance are
made. The cable may be considered a condenser with concentric
cylinder electrodes. As the sheath expands and oil fills the space
between the impregnated paper insulation and the sheath, the capaci-
tance decreases; and if the dielectric constant of the paper insulation
does not change, the amount of sheath expansion may be calculated
from the change in capacitance. These data have shown sheath ex-
pansions varying from about 0.2 per cent per year for a sheath tem-
perature of 100 deg. F. to about 0.7 per cent for a sheath temperature
of 135 deg. F. The sheaths on these cables contain about 21/2 per cent
tin. Since tests have been in progress for about eight years, the re-
sulting data are fairly reliable.
32. One Use of Research Data.-The results of the research at the
University of Illinois showed that the tin-lead alloy had a higher
rate of creep than ordinary lead containing about 0.06 per cent copper.
In view of this fact, and of the fact that the need for the hard surface
of the tin-lead was not so great as ten years ago because of improve-
ments in the installation of conduits and cables, the manufacturers
of oil-filled cable accepted the author's conclusions, reached in the
fall of 1935, (1) that the use of the tin-lead alloy was not required
for the 66-kv. oil-filled cable to be purchased by the Commonwealth
Edison Company .during the next two years, and (2) that, instead,
ordinary commercial lead with about 0.06 per cent copper could be
used satisfactorily. This change alone resulted in a saving in cable
cost far greater than the entire expense of this research case since
its inception in 1928.
Special note is hereby made of the assistance of the manufacturers
in furnishing samples of lead tubing for the research and of the
active interest of many engineers.
VII. A QUALITATIVE THEORY OF THE CREEP OF METALS
33. Creep, Viscosity, and Quasi-viscosity.-The term "creep" is
used in this report to designate the continuing deformation under
steady load of a metal at a temperature at which the metal remains in
a crystalline state; that is, it is made up of crystalline grains in each
of which the atoms are arranged in a regular geometrical pattern.
The term "viscosity," while usually used to denote the resistance to
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shearing deformation of fluids, will be used to describe that phase
of the phenomenon of the "second stage" of creep of metals which
is strikingly similar to viscosity in fluids. The term "viscous" will be
applied to any state of flow in which the rate of deformation is pro-
portional to the stress applied.
Creep tests of lead at very low stresses have yielded test results
which, within the limits of experimental error, approach those of
viscous flow as defined in the preceding paragraph. This is shown in
Figs. 10, 11, and 12. At higher values of stress the rate of creep,
after it has become steady, exhibits a property which has been called
quasi-viscosity. For any one constant stress test the rate of creep
becomes approximately constant, at least over a considerable period of
time, but for different values of stress this secondary creep rate is
not a linear function of the stress. "Quasi-viscosity" is a measure of
the creep resistance in the second stage.
Creep in metals has a counterpart in the flow of concrete and
stone. Under proper conditions of stress (high hydrostatic stress super-
imposed on a shearing stress) limestone, marble, calcite, and concrete
have been made to produce families of creep-time diagrams, which,
by change in the scale of plotting, might be used to describe the creep
properties of metal.12 In the light of these facts one is led to suspect
that creep is a property of all crystalline substances.
34. Mechanism of Creep.-Figure 41 shows micrographs of the
same area on a tensile specimen of commercial pure lead (Grade III)
under steady load. Figure 41 (a) shows the unstressed metal. The
straight lines are scratches from the microtome knife used in shaping
the specimen. The specimen throughout the test was unetched. Figure
41 (b) shows the appearance of the area after 48 hours of "creep."
It will be noted that the crystalline grain structure is brought out,
that there is some rotation of grains as shown by the shadows scat-
tered throughout the area, and by the "offsets" in some of the micro-
tome scratches. Some slip lines appear within grains. Figure 41 (c)
shows the appearance of the area after 96 hours of "creep." Evidently
rotation of grains has continued, and many more slip lines are
developing.
Creep tests of single crystals of lead within which, of course, there
were no grain boundaries, have been reported by the writers20 and by
Baker, Betty and Moore,2 and have shown that creep, as shown by
slip lines and by orientation of the octahedral planes of the space
lattice cells of lead determined by the Bridgman method,4 occurred on
an octahedral plane along the intersection between that octahedral
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plane and another, and was governed by the component of shearing
stress along that direction (resolved shearing stress). This harmonizes
with many results obtained by Gough,' Elam," Schmid and Boas"2
and other workers with single crystals.
The view is held by the writers of this report that, in general,
creep deformation is a result of both these mechanisms; (1) creep
within the grains, which occurs as crystographically directed slip, or
translation, and (2) by flow at grain boundaries. It seems possible
that boundary flow is viscous. The contrasts between the almost
complete lack of evidence of boundary flow in rapid tension tests
and the pronounced evidence of boundary flow in long-time creep
tests lends some support to this view.
The forces necessary to produce such a flow arise from the angular
difference between the crystallographic orientation of adjacent grains.
Let us consider the interaction of two adjacent grains "A" and "B"
when crystal "A" undergoes plastic deformation by slip, somewhat
like the sliding action in a pack of cards. In general, these two grains
will have different orientation of their lattice structures, and hence
there will exist an angular difference in their slip directions. By
virtue of this difference in direction of slip, crystal "B" is subjected
to a torque, which can be relieved by (1) rotation of the grain as a
whole, or (2) by slip on crystallographic planes in definite crystal-
lographic directions, or (3) by both these means. In the case of the
rotation of the grain as a whole, a marked relative motion at the
boundaries between crystal "B" and its neighbors would be necessi-
tated. Since such movements have been observed experimentally,
and since metal crystals are known to be very irregularly shaped
polyhedra, it is inconceivable that such large spatial rotations could
take place without a considerable amount of slip deformation being
incurred within the grains. These facts appear to constitute an ade-
quate basis for the view that creep deformation occurs both at the
boundaries and within the grains.
The fact that, during the early stages of creep, few slip lines were
observed on the surface of certain specimens of polycrystalline ex-
truded lead and lead alloys may be explained as being due to the
distribution of slip over many parallel atomic planes, and the dimi-
nution of the extent of individual "slips" below that necessary for de-
tection by the microscope used. The boundary flow is considered to be
conducive to the absence of visible slip lines, to the wide distribution
of slip, and to the consequent homogenization of work-hardening
throughout the volume of the grains.
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35. Creep-Time Diagrams.-Creep-time diagrams for metals under
conditions of stress and temperature at which creep becomes of prac-
tical importance are usually considered to be composed of three
stages. While the limits of these stages are not clearly defined, this
classification has been found quite convenient, and will be used here
as a basis for discussion. Figure 9 shows a typical creep-time diagram
to fracture.
36. First Stage of Creep.-For a metal subjected to a constant
load at a constant temperature creep takes place at a very rapid
but decreasing rate. This decreasing rate of creep tends to approach
a constant value which prevails during the second stage. It is gener-
ally regarded that the decreasing creep rate of the first stage is due
to an increasing resistance to deformation brought about by work-
hardening. One may go farther and say that there are three factors
involved; (1) a redistribution of stress among the individual grains,
with a tendency to stress equalization, (2) a homogenization of the
work-hardening throughout the volume of each grain, and (3) age-
hardening. Possibly all these three factors are unrelated. A fourth
factor occurs if the temperature is high enough, namely, recrystalli-
zation of the metal. Lead and lead alloys have some tendency to
crystallize at room temperature, and in the tests of lead at room tem-
perature and up to 150 deg. F. there was some evidence that recrystal-
lization played a part in the creep.
It seems plausible that the initial degree of work-hardening in
a test specimen of lead, and the size and orientation of grains with
respect to the imposed stresses, would affect the duration of the first
stage and the deformation during that stage, and that mechanical
imperfections-dents, bends, bruises, etc.-may delay the completion
of the first stage (see Fig. 35). It is conceivable that a test specimen
might be in such a condition of work-hardening that the "first stage"
would not be exhibited. Some creep-time diagrams for tensile speci-
mens from Sheath 21 and Sheath 2H, Fig. 5, show examples of
creep-time curves, under low stresses, with no apparent first stage.
When the creep of full-size sheathing is considered, these factors
would be present, and also effects due to bulges, dents, and slight
bends in the sheathing.
37. Second Stage of Creep.-The second stage of creep of a tensile
specimen under steady load at a constant temperature is characterized
by a creep rate v which remains nearly constant. For a constant
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temperature this creep rate increases with increase of stress. Based
on test data Bailey' proposed the equation v = AS n , in which v is
the second-stage creep rate under tensile stress, S is the tensile stress,
and A and n are experimentally determined constants. Bailey de-
termined these constants for lead by means of tests under rather high
stresses. The tests at the University of Illinois under stresses of from
50 to 400 lb. per sq. in. do not indicate that n is a constant, as is
discussed in Section 11 of this bulletin. As the tensile stresses were
made smaller v approached direct proportionality to S. This would
indicate approach to a viscous state of flow. At higher stresses v
increased more rapidly than did S, and the flow became "quasi-vis-
cous." It was found that if the results of the tensile tests of lead and
lead alloys obtained at the University of Illinois were plotted with
stress as abscissas and logarithm of creep rates as ordinates the
resulting graphs were approximately straight lines indicating a linear
relation between stress and logarithm of creep rate for a given tem-
perature. However, from one other laboratory, in which tests are very
carefully made, reports have been received of creep tests of several
commercial leads for which, after a short "first stage," measurable
creep ceased for some hundreds of hours, then began again, and con-
tinued for a considerable time with a nearly constant rate. Then
measurable creep stopped for another period.
This report, in connection with the empirical nature of the log-
arithmic relation suggested in the preceding paragraph, makes it seem
unwise, at this time, to attempt to develop a definite formula for the
relation between creep rate and stress. It seems wiser to regard the
quantitative relation of creep rate to stress and to temperature as
dependent on the probability of localized creep starting at various
regions. This may occasionally result in an intermittent creep es-
pecially under low stresses.
38. A Hypothesis of the Mechanism of "Second Stage" Creep.-
Under strain the viscosity of lead changes. The change is pictured
as an adjustment between strain hardening, which increases viscosity,
and a softening, due to slight localized temperature rise caused by
strain, and probably associated with recrystallization. Qualitatively,
increase in temperature softening or decrease in strain hardening
decreases viscosity, increases creep rate. This is in harmony with
creep test results in general.
At low stresses rate of creep may be nearly proportional to stress,
but as the stress increases the balance between factors increasing and
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decreasing viscosity is so changed that creep rate increases in a larger
percentage than does stress, and a "quasi-viscous" flow results. Ac-
cording to this hypothesis, "quasi-viscous" creep is a viscous flow with
viscosity not a constant, but changing for different stresses.
39. Kanter's Hypothesis for Creep in the Second Stage.-Recently
Kanter 16 presented a paper in which he put forth a very interesting
discussion of creep. His reasoning was based on the assumption that
creep does not occur uniformly throughout all the metal, but is highly
localized. In fact, Kanter based his proposed treatment on atomic
theory. He proposed that for any given conditions of stress and
temperature a certain number of atoms were "eligible" to creep and
as either temperature or stress increased the number of "eligible"
atoms increased. Now the greater the number of groups of "eligible"
atoms, the greater becomes the probability that creep will occur.
Increase of stress would increase the frequency with which localized
creep occurs, and hence the total creep. Increase of temperature
would increase the kinetic energy of atoms, and hence would also
increase the probability of creep. Kanter noted another possibility.
Atoms engage in place-exchange movements upon chancing to attain
a state of energization which enables them to surmount the potential
energy barriers which maintain their crystalline lattice positions.
It is the aggregate change in form due to these place exchanges which
manifests itself in creep strain, and the frequency with which such
events occur is reflected in the creep rate. Increase of stress increases
creep, and this may be explained by either (or both) of two hypothe-
ses: (1) Increase of stress increases the frequency with which place-
exchange movements occur (as noted in the foregoing); and (2)
increase of stress lowers the potential energy barrier and increases
the probability that a place exchange (migration) will occur within
a given group of atoms at any given temperature. Increase of tem-
perature, by increasing the kinetic energy of atoms, increases the
probability of migration occurring in a group of atoms.*
40. Third Stage of Creep.-The increasing rate of creep developed
in the third stage may be attributed to some form of progressive
*Kanter developed certain formulas, and plotted certain graphs of results for a steel and
a brass based on his hypotheses concerning creep. Attempts were made to plot the results of
the creep tests of lead and lead alloys made at the University of Illinois to the coordinates
shown in his graphs. However, so far, the results of creep tests of lead do not seem to plot
in series of parallel straight lines such as are shown in his paper for two metals whose test data
he studied. A possible explanation of the discrepancy between the data for lead and lead alloys
and the data for other metals may be found in the fact that for lead and lead alloys creep
measurements were made at temperatures right in the recrystallization range, while the steel
and brass were tested at temperatures definitely above those for work-hardening recrystallization.
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disintegration of the crystalline structure which develops into what is
known as "fragmentation," and finally leads to the formation of one
or more spreading cracks which lead to the actual development of
microscopic cracks and final fracture. Extensive experiments have
been made by 'Gough and Wood 9 at the British National Physical
Laboratory, by Barrett 3 at the Carnegie Institute of Technology, and
by Clark and Beckwith 5 at the University of Illinois. Some studies
on the disintegration of single crystals of lead have been made at the
University of Illinois by Moore, Betty and Dollins20 and by Baker,
Betty and Moore. 2 Under tensile stress, repeated stress, or torsional
stress, final failure of a specimen of metal was preceded by break up
of a crystalline grain with the formation of small "crystallites"
within the grain, and then the fragmentation of the grain, with final
development of minute cracks. These changes are probably accom-
panied by some relief of internal strain, but also by the formation
of minute discontinuities with stress concentration around them,
and this injurious action tends to cause a net increase of deformation
and increased creep rate. At what stage microscopic cracks leading
to eventual fracture form has not as yet been discovered with any
degree of precision. This fragmentation seems generally to proceed
at an accelerated rate once it is started. Of course, even minute
cracks in lead sheathing may be very injurious.
In the opinion of the writers as soon as appreciable acceleration
of creep rate indicates the beginning of the third stage, fracture may
be said to have started, and the practical ultimate strength of the
metal has been reached. In this connection it may be noted that at
the beginning of the third stage of creep the amount of localized
"necking down" is very small-hardly sufficient to be a source of
appreciable stress-concentration.
41. Creep Recovery.-If a tensile specimen of lead or lead alloy
has been subjected for some time to a stress high enough to cause
appreciable cold working of the metal, and then the stress is removed
some contraction of the specimen has been observed. This is called
creep recovery. Kanter16 has suggested that this recovery is associated
with the reversible component of the first stage of creep. This re-
covery may be due in part to a redistribution of stress in the specimen.
This part of recovery may be due in some measure to a microscopic
relaxation phenomenon in which elastic strains in the crystalline
grains by virtue of the angular differences in direction of slip are
partially or wholly relieved by negative plastic strain, that is, there
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would be set up a "back flow." This back flow could hardly be equal
to the difference in creep which has occurred between the "stress on"
and the "stress off" levels, but it seems reasonable that it would
bear some relation, probably rather complex, to that difference of
creep. Part of this microscopic relaxation might well take place in
the same direction as that in which creep had proceeded, and part of
it might well take place in the opposite direction, owing to the varying
directions of creep in different crystalline grains.24* The subject of
recovery may play an important r6le in determining the "life" of
cable sheathing under internal pressure.
VIII. SUMMARY
42. Summary and Conclusions.-
(1) The investigation reported in this bulletin was made from
the viewpoint of the user of lead sheathing for electric power cables.
The tests made have been on specimens of sheathing or on specimens
cut from sheathing as received from the manufacturers or from
service. There has been no attempt in this investigation to make
alloys of lead for the purpose of studying their properties.
(2) The racks used for creep tests of lead and lead alloys, the
creep-measuring apparatus, and the specimens used for creep tests
are described in detail.
(3) In tensile creep tests of lead and lead alloys carried to fracture
there seem to be three fairly well defined stages: (1) A preliminary
stage during which creep starts at a relatively high rate, which di-
minishes as the stage proceeds; (2) a second stage, during which the
creep rate remains nearly constant; and (3) a third stage during
which the creep rate increases, the specimen "necks down," and final
fracture occurs. The creep rate during the second stage, which is
the minimum creep rate during the entire test, is sometimes taken as
the index of creep resistance of the metal. The lower the creep rate
the higher the creep resistance.
(4) Another index of creep resistance is the total creep (including
the creep in the first stage) up to any given time in the second stage.
The McVetty method is described and is used in determining this
index of creep resistance. The smaller the total creep the higher the
creep resistance.
*In a paper by Tapsell, the author reports that a specimen containing a few crystals
of aluminum showed definite creep recovery, but that a single crystal of aluminum showed
none. This leads him to discount the possibility of an "extra-elastic" after effect, and to seem
to lean toward a theory of stress redistribution.
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(5) The creep resistance of the metal in each of the 25 sheaths
tested is evaluated by tensile tests under 200 lb. per sq. in., at a
temperature of 110 deg. F. and in 2000-hour creep tests. Both the
creep rate and the total creep, as determined by the McVetty method,
have been used. This evaluation is tabulated graphically in the
bulletin.
(6) A study of the relation of creep rate to stress indicates that at
high stresses the relation v = AS" is fairly reliable. A and n are ex-
perimentally determined constants, v is the creep rate, and S is the
tensile stress. However, at low stresses n has not been found to be
constant.
(7) The effect of temperature on creep resistance is shown by
diagrams of test results. The creep resistance of lead and lead alloys
diminishes rapidly as temperature increases, and the creep rate in-
creases at a faster rate than does the temperature. So far it has
not been found feasible to determine any definite formula connecting
creep rate with temperature for the lead and lead alloys tested.
(8) The creep of lead and lead alloys under low stresses has
been found to be very sensitive to slight changes in structure which
are not readily detected by metallographic examination, nor by ordi-
nary short-time (testing machine) tests. In this respect the creep be-
havior of lead and lead alloys at room temperature resembles the creep
behavior of steel at high temperatures.
(9) Data are given of creep tests of full-section specimens of
cable sheathing under constant internal oil pressure. Some specimens
have been under constant oil pressure for over seven years. Attempts
to correlate the circumferential creep of these sheath specimens with
results of tensile tests are rendered difficult on account of the long
time required to complete the first stage of creep in the sheaths under
pressure. It is suggested that mechanical damage in coiling, uncoiling,
handling, and placing sheathing may cause dents and bends which
retard the establishment of a steady creep rate, and that variations
in wall thickness may also act in the same way. About the only con-
clusion which seems reliable is that if it is assumed that after several
thousand hours of service the total circumferential creep of a sheath
will be the same as that of a tensile specimen of the same metal
under the same stress and temperature as the sheath, then, in general,
the designer or user of sheathing will be "on the safe side."
(10) Lead and lead alloys will fracture under long-continued
steady tensile load under stresses much lower than those which are
necessary to cause fracture in short-time tensile tests (testing machine
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tests). Under long-continued steady load the specimen "necks down"
and the fracture occurs as a spreading crack.
(11) Tests to fracture of specimens of several leads and lead alloys
under steady tensile stress suggest the following equation:
TS- TS' - k (log t - 1)
in which TS is the tensile strength for a given length of time, t, TS'
is the tensile stress which will cause fracture in 10 hours, and k is
a constant obtained by tests, some of which extend to at least 1000
hours duration. This equation is given tentatively, and it is possible
that tests up to (say) 10 000 hours might modify it, or even indicate
a sort of static-load endurance limit below which fracture will not
take place.
(12) Test data and results are given to show the effect of adding
a slight vibratory load on the time required to fracture lead and lead
alloys already under a relatively heavy steady load. Vibratory stress
of -±30 lb. per sq. in. very markedly shortened the "life" of specimens
of lead and lead alloys under steady stresses over a range from 500
to 2500 lb. per sq. in.
(13) The ductility of lead and lead alloys under long-time tests
shows some tendency to diminish with length of time of test. This
is more marked for some alloys than for others. Ductility may be
measured by elongation after fracture under steady load. Other
types of ductility tests include repeated bending tests, and, while the
test data reported are insufficient to give a basis for quantative com-
parisons, yet they suggest that length of "life" under bending angles
of 10 degrees or more would indicate resistance to fracture under a
few cycles of severe stress. Bend tests using angles of 45 minutes or
less, like ordinary fatigue tests under repeated stress, indicate re-
sistance to fracture under many cycles of small flexural stresses.
Speed of bending probably is also a factor. Severe-bend tests seem
useful in indicating oxide inclusions and defective welds.
(14) Results of repeated-stress ("fatigue") tests reported in Bul-
letin 272 and by Waterhouse are given in this bulletin. The fatigue
strength of lead and lead alloys depends on the rate of application
of cycles of stress. Under repeated stress fracture of lead and lead
alloys is due to a combination of ordinary fatigue and of creep. This
behavior is in harmony with that of steel specimens subjected to
repeated stress at high temperatures.
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(15) A study of progressive expansion (circumferential creep)
of the sheathing of electrical power cables in service comprises one
chapter of this bulletin. This chapter was written by Herman Hal-
perin, Assistant Equipment and Research Engineer of the Common-
wealth Edison Company of Chicago. In this chapter there is given a
discussion of the measurement of expansion of cable sheath in service
by means of the measurement of the electrical capacitance of the
cable.
(16) A theory of the mechanism of creep is presented. This theory
pictures creep as occurring both in the atomically disorganized metal
at grain boundaries and also along planes of least atomic resistance
within crystals. When creep occurs along such an atomic plane the
region where such slip occurs becomes a region of atomic disorgani-
zation. It is suggested that under low stresses lead and lead alloys
act like viscous liquids with creep rate approximately proportional
to stress, while, as stress increases, the creep rate increases faster
than the stress, and the flow may be described by the term "quasi-
viscous." Another theory (Kanter's) pictures creep as taking place
not uniformly distributed throughout the metal, but at special lo-
cations, where there is high localized stress, or where the crystalline
grains are unfavorably oriented to resist creep. The creep at these
locations may be either viscous or quasi-viscous. Then, as stress or
temperature increases, the creep rate at these locations increases,
and new locations begin to exhibit creep, so that the total creep of a
piece of sheathing would increase more rapidly than the increase of
stress.
APPENDIX A
EFFECT OF FLATTENING SPECIMENS CUT FROM LEAD SHEATHS
At various times the question of the effect of flattening out cable
sheath before cutting specimens has been discussed. In a recent paper
before the British Institute of Metals, J. McKeown"8 reported test
results on the effect of flattening, and criticized the practice at the
University of Illinois of testing flattened-out specimens. McKeown
concluded that there was an appreciable effect due to flattening, and
his results are shown in Fig. 42 (a) and (b), which are based on data
given in his report. In Fig. 42 (a) it will be noted that the creep-time
curve of the sheath differs from the creep-time curve of the flattened
specimen mainly in the first stage OA, and that apparently the effect
of testing the whole sheath in tension seems to have delayed the
establishment of the second stage with its constant rate of creep.
This seems analogous to the difference in the circumferential-creep-
time diagrams for most of the tests of sheathing under oil pressure
and the creep-time diagrams for tensile specimens cut from these
pieces of sheathing. The creep rate of McKeown's specimens, as
shown by the slopes of the straight-line portion seems to be about the
same for flattened specimens and for tensile tests of sheathing. In-
cidentally it is much more difficult to obtain uniform stress distri-
bution across the whole cross section of a piece of sheathing, used as
a tensile specimen, than across the cross section of a tensile specimen
Y4 inch x 1 inch.
Figure 42 (b) shows a somewhat similar relation to that shown
in Fig. 42 (a) between the behavior of a sheath specimen tested by
McKeown "as received" then uncoiled and straightened, and that
of another specimen from the same sheath after bending and flattening.
A comparison of Fig. 42 (a) and Fig. 42 (b) seems to indicate that
the effect of cutting specimens from a flattened-out sheath is to cause
creep behavior quite similar to that caused by bending and straight-
ening a sheath specimen. In view of the fact that all sheathing comes
coiled, and has to be straightened when put into service, it would seem
that the creep of a flattened specimen would give fully as good an
index of the creep behavior of the metal in a sheath as would the
creep of a full-section tensile specimen, or an unflattened specimen.
This would not necessarily apply to transverse tensile specimens.
At the University of Illinois creep tests have been conducted to
determine the effect of preparing tensile specimens by flattening out a
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FIG. 42. CREEP-TIME DIAGRAMS SHOWING EFFECT OF FLATTENING SPECIMENS
AND OF UNCOILING AND STRAIGHTENING CABLE SHEATHING
piece of sheathing and then cutting a specimen from the flattened
sheet. Companion sets of specimens were made from two sheaths,
Sheath K (% per cent antimony-lead) and sheath 7 (grade III lead).
For one set of specimens from each sheath a strip ¼ inch wide was
milled from the sheath, which was supported on a wooden mandrel. A
sharp milling cutter was used. These strips were clamped, without
flattening, to the jaws used in tensile creep tests. The companion set
of specimens for each sheath was made by flattening one-half of a
short length of sheath (20 inches) and from this flattened sheet cutting
specimens 1  inch wide with a sharp milling cutter. Figure 42 (c)
shows the results of creep tests of these specimens. There is shown no
marked effect on the first stage of creep, but there is a marked dif-
ference between flattened and unflattened specimens in the creep rate
developed in the second stage. In the case of the specimens from
sheath K, the creep rate was higher for the flattened specimens, while
for specimens from sheat 7r the creep rate was lower for the flattened
specimens. These tests were made at 110 deg. F.
In Fig. 18 there is given a comparison of creep behavior of dupli-
cate specimens cut from sheath 2G (grade II lead). It is seen that
there was considerable variation of creep rate between duplicate speci-
mens under the same stress and temperature. It is quite possible that
some of the variation observed between creep behavior of specimens
from flattened-out sheathing and of specimens from sheathing not so
flattened may be explained as normal variation in creep behavior in
)I I I I IC(a)W-cKeown Test Resufls .A C'
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different specimens from apparently identical material. Possibly age
hardening may play a part in these unexplained variations. In any
event this phenomenon of rather large unexplained variations in test
results is in harmony with results which have been observed in creep
tests of steel at high temperatures. Creep behavior seems to be appre-
ciably affected by factors which do not seem to exert appreciable in-
fluence in ordinary chemical, microscopic, and mechanical tests of
metals. 16
It seems to the writers that, so far as test results for 10-in. speci-
mens are concerned, the effect of flattening the sheath before cutting
out specimens is appreciable, but not of major importance, and not
predictable. From available test data, mainly from McKeown's work,
it seems that the creep-resisting properties of the metal in a cable
sheath after it had been coiled and straightened would, for compara-
tive tests at least, be fairly well represented by the creep behavior of
specimens cut from a flattened-out piece of sheathing.
APPENDIX B
EFFECT OF ECCENTRICITY OF SHEATH ON CREEP
By F. E. EDWARDS, JR.
Former Student Assistant in Investigation
of Stretching of Lead Sheathing
This appendix gives a mathematical analysis of the effect of ec-
centricity upon creep. A mathematical analysis was chosen rather
than an experimental analysis for the reason that in an experimental
analysis the factor of irregularities, such as dents in the sheathing,
would tend to obscure the effect of eccentricity alone. Figure 43 is a
diagram showing the variations of thickness in an eccentric sheath,
and giving a trigonometric formula for that variation. In developing
that formula and in further computations for stress and creep, R
denotes the radius to the outside of the sheath, CR represents the
inside radius (inside radius divided by outside radius equals C). The
eccentricity is the distance from the center of an inside circumference
of a tube to the center of the outside circumference. The eccentricity
is KR (eccentricity divided by outside radius equals K). In examin-
ing a number of tubes which have been tested values of K greater than
0.006 were not found, and values of C ranged between 0.90 and 0.94.
In Fig. 44 variations of thickness for different angles round a sheath
have been plotted for various values of C and K.
To consider stress and creep, three assumptions are made which
are only approximately true, but are believed to be fairly reliable.
(1) In an eccentric tube the circumferential stress at any longi-
tudinal section may still be considered to be uniformly distributed
over that section.
(2) As the tube creeps and expands in size the outline may be con-
sidered to remain a circle.
(3) The relation of creep rate to circumferential stress is taken
to follow Bailey's formula: v = AS", in which S is the stress in lb.
per sq. in., v is the creep rate in per cent per hour, and A and n are
experimentally determined constants.
While this relation does not hold over a wide range of stress, it is
closely true over a narrow range of stress. In this report the creep
is always studied at a circumferential stress of 200 lb. per sq. in.
From the logarithmic creep-rate diagrams given in Figs. 10, 11, and 12,
at a stress of 200 lb. per sq. in. the average value of n was 2.72, and
the maximum value a trifle over 4.00. This value is determined from
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FIG. 43. VARYING THICKNESS OF AN ECCENTRIC SHEATH
the actual slope from the logarithmic diagrams at 200 lb. per sq. in.
It seems, then, that a value of n of 3 would be a slightly higher value
of Bailey's index n than was found to be the average case, and this
value has been used in this study.
The stress at any longitudinal section of the eccentric tube would
be inversely proportional to thickness at that section. In Fig. 45 the
reciprocals of the ordinates representing thickness of sheath have been
plotted, which would give the shape of the curve of stress. This has
been done for about as large a value of K as was found in tubes
whose eccentricity was measured and for a common value found
for C. This curve is plotted for an average tensile stress of 200 lb. per
sq. in. which would be the tensile stress on all longitudinal sections of
a tube with eccentricity zero.
If the creep rate is proportional to the cube of the stress, at a
stress of 200 lb. per sq. in., the creep rate would be some constant
times 8 000 000. By dividing the constant by 1 000 000 the creep
rate obviously could be written as a multiple of 8, and this value is
laid off on a scale of ordinates for creep rate. Then for any given
stress as shown by the stress curve the creep rate would be repre-
sented by an ordinate whose length equals the cube of the ratio of
mean stress (200 lb.) to stress in the eccentric tube for any angle,
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FIG. 44. THICKNESS RATIOS AROUND AN ECCENTRIC SHEATH
multiplied by 8. This means that a point on the creep-rate diagrams
I O'B V
for angle 40 deg. is given (in arbitrary units) by 'F ) X 8 = O'H.
\ O'F /
In Fig. 45 the ratio of the creep-rate for a given value of K and C
to the creep-rate for a sheath with eccentricity equalling zero would,
then, be the ratio of the mean ordinate of the creep-rate diagram to
the ordinate representing creep for zero eccentricity. In Fig. 45 this
would mean the ratio of the mean ordinate of the figure 0 J H K 0"
to that of figure 0 M N 0". As the two figures have equal width their
mean ordinates will be proportional to the areas under those curves.
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FIG. 45. STRESS AND CREEP RATE FOR ECCENTRIC AND CONCENTRIC SHEATHING
As shown in Fig. 45, these areas as measured by a planimeter were
found to be 12.31 sq. in. and 12.15 sq. in., respectively, and the ratio
of the creep rate for the eccentric cylinder to the creep rate for the
non-eccentric cylinder would, then, be 1.014.
This result for a tube with about an average value of C and a
high value of K indicates that effect of eccentricity on creep is slight,
possibly distinctly less than that of other irregularities such as dents.
A study of effect of eccentricity on creep for tubes with higher values
of C indicates a distinct increase in the effect. For example for a tube
with C = 0.94 and K = 0.006 the creep might be expected to be about
1.03 times that for a tube with zero eccentricity.
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